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ABSTRACT
Attrition of alumina catalyst carrier beads in reforming units causes operational 
problems and the loss of the catalyst particles due to the formation of fines and small 
fragments. This thesis addresses the characterisation and optimisation of the 
mechanical strength of these beads in collaboration with Institut Franqais du Petrole 
(IFP) and Rliodia.
A methodology was devised to test and improve the particle strength at various strain 
rates using both single particle and multiple particle tests by considering the 
mechanical stresses prevailing in industrial units. This methodology was tested with 
a commercial sample and then used to assess the strength of new samples for which 
the bead structure was modified by changing the filler concentration and type, the 
macroporosity, the drying regime and the surfactant concentration. A significant 
increase in the particle strength was achieved in comparison with the commercial 
samples. The mean crushing strength increased by a factor of about three and the 
extent of impact attrition was significantly decreased, e.g. by a factor of 30 for 
normal impacts at 20 ms"1.
For single particle testing, a relationship between quasi-static and impact results was 
obtained when the impact breakage was compared with the percentage of weak 
particles obtained from the side crushing strength (SCS) test. This suggests that for 
this type of material the particle strength is not sensitive to the strain rate. Multiple 
particle tests confirmed the results obtained by single particle tests for two samples 
for which sufficient quantity of test material was available.
In order to relate the extent of attrition in a particle assembly under compressive 
loading to the single particle properties, the BCS test was simulated by distinct 
element analysis using the TRUBAL code. Trends similar to the experimental work 
were obtained for the simulation of the attrition. However, the simulations tend to 
underestimate slightly the extent of attrition, which is highly dependent on the 
particle strength distribution and on the contact force distribution within the particle 
assembly.
As a result of this work, the manufacture of the alumina catalyst carrier beads used in 
reforming imits has been significantly improved.
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GLOSSARY
The following words were used in this dissertation with the given meaning.
Abrasive wear Mechanism of wear- by sliding or rubbing of hard particles 011 a 
surface. The damage can be observed on one or both surfaces.
Attrition General damage experienced by the particles in the industrial units. 
This includes localised damage and catastrophic failure.
Breakage Equivalent word to ‘Attrition’ in this work.
Broken Any particle that has experienced breakage, i.e. localised damage and
particle general failure.
Carrier beads Support where the catalyst is deposited. In this work, the support is 
made of porous y-alumina.
Catalyst Substance which affects, provokes or accelerates reactions without 
itself being altered.
Calcination Heat treatment of a material at a temperature well below its melting 
point to lead to the desired structural transformation, i.e. H2O is 
liberated from AIO(OH) during calcination of the catalyst beads to 
form Y-AI2O3.
Ceramics Class of inorganic, nonmetallic solids that are subjected to high 
temperature during manufacture and use.
Chipping Breakage mechanism where the particles experience only localised 
damage close to the impact or contact site due to the formation of 
conical cracks for brittle materials or lateral cracks for semi-brittle 
materials.
Crushing Particle breakage by compression usually at low loading rates between 
two hard surfaces or within an assembly under compressive loading.
Debris Material produced during particle attrition, which size is two sieve 
cuts below the original particle size.
Erosion wear Mechanism of wear by the impact of hard particles on a surface. The 
damage can be observed on one or both surfaces. This leads to the 
formation of lateral cracks in brittle material.
Filler Material introduced within the sol of colloidal particles to reinforce the 
material. In this work, particulate filler, hexagonal platelets and short 
fibres have been used.
Fines Small debris produced during chipping or fragmentation. In the latter, 
this may due to crack branching or secondary fragmentation. In this 
work, debris below 0.5 mm are considered as fines to determine the 
BCS values.
Fragments Large pieces of material produced during particle failure.
Fragmentation Breakage mechanism involving the propagation of cracks within the 
particles which leads to its catastrophic failure.
Knock-rating The measurement of the anti-knock value of a volatile liquid fuel, 
which is its immunity from detonation or “knocking”, in a petrol 
engine as compared with some standard fuel.
Mother Undamaged particles after impact or fragments, which are among the
particles original or next two smaller sieve cuts.
Naphtas Generic term which applied to petroleum product with a low boiling 
range.
Octane Term used to indicate the relative anti-knoclc value of automotive
number gasolines, having a rating below 100. It is equal-to the volume 
percentage of iso-octane (100 octane number) in a mixture of iso- 
octane and normal heptane (0 octane number), which has the same 
knocking characteristics as the motor fuel under test.
‘Oil drop’ Method where individual droplets of a colloidal sol are formed using a
method dropper, aged in a column with organic compound, dried and calcined 
to produce particles with uniform particle size and shape and well- 
controlled structure.
Pseudo- High surface area boehmite (AIO(OH)) used for the preparation of the
boehmite catalyst particles by sol gel method.
Reforming A process for converting low octane naphtas or gasolines (paraffins 
and naphtenes) into high octane number products (aromatics, highly 
branched molecules). The main reactions are dehydrocyclisation and 
dehydrogenation, hydrocracking and isomerization.
Shattering Breakage of a particles in a large number of fragments, debris and 
fines.
Sintering Process to densify ceramics by thermally activated material transport 
to transform loosely bound particles into a dense and cohesive body.
Sol gel Method to produce powders from a suspension or sol of colloidal 
particles mixed with a liquid that polymerises to form a gel. The gel is 
then dried and calcined. In this work, the sol gel has been coupled 
with the oil drop method to prepared uniform spherical particles.
Wear Process of losing material from two surfaces that have been rubbed or 
slid against one another.
ABBREVIATIONS
ASTM American Society for Testing Materials
BCS Bulk Crushing Strength
BMHB British Material Handling Board
CCR Continuous Catalyst Regeneration
Coeff. Coefficient
D Drying
DEA Distinct Element Analysis
e.g. For example
Eqn. Equation
et al. And other people
F Filler
FCC Fluid Cracking Catalyst
Fig. Figure
Fit. Fitting
fps Frame Per Second, unit of recording rate
i.d. Internal diameter
i.e. That is to say
IFP Institut Fran9ais du Petrole
M Macroporosity
mag. Magnification
Max. Maximum
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MPCS Multiple Particle Crushing Strength
ppm Part Per Million
PI Pressure Indicator
PTFE PolyT etraFluoroEthylene
Ri Reactors in Fig. 1.2, Rotameters inFig. 4.12
r p m Rotation per minute
S Surfactant
SCS Side Crushing Strength
SEM Scanning Electron Microscopy
ss Stainless steel
St. Dev. Standard deviation
X Level of filler, macroporosity, drying or surfactant
X Horizontal dimension
Y Vertical dimension
wt. Weight
2D Two Dimension
3D Three Dimension
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NOTATION
Latin characters
a Radius of the contact area m
a* Maximum contact radius m
ap Particle acceleration m s‘2
b Empirical constant, in Eqn. 3.1
B Bulk shape factor, in Eqn. 5.2
BCS Bulk Crushing Strength Pa
c Flaw size m
d Sieve size m
dx Sieve size of the feed material, in Eqn. 5.4 m
D Particle diameter m
Dbed Bed diameter m
dm/m Fraction of broken material
(dm/m)oo Limiting value of dm/m, in Eqn. 5.1 
e Coefficient of restitution
E Young’s modulus Pa
E* Effective Young’s modulus Pa
Eo Non porous Young’s modulus Pa
Ei Young’s modulus of the particle Pa
E2 Young’s modulus of the platen Pa
f  Slip correction factor in the shear cell, in Eqn. 5.7
F  Impact force N
Fj Out of balance force N
Fn Normal contact force N
F„d Normal damping force N
Ft Tangential force N
Fy Impact force at onset of yield N
g Gravity acceleration m s"2
G Shear modulus Pa
Gs Power index from Schuhmann equation, in Eqn. 5.4
h Distance from which the particle is impacted 111
H Hardness Pa
hbed Height of the cylindrical bed m
hi Depth of the lateral crack m
hshear Height of the bed in the shear cell m
i Arithmetic index i
I Moment of inertia ke m2
xv
k Empirical constant, in Eqn. 5.5
lc’ Empirical constant in Eqn. 5.6
Ko Empirical constant, in Eqn. 5.8
Kc Fracture toughness Pa m0'5
kn Normal stiffness kg s'2
Kn Empirical constant, in Eqn. 5.9
kt Tangential stiffness kg s’2
1 Particle size m
L Sliding distance m
10 Original particle size m
lc Length of the conical crack m
ld Diagonal length of the indentation, in Eqn. D.l m
11 Length of the lateral crack m
lr Length of the radial crack from the indentation impression m
m Weibull modulus
M Bulk Weibull modulus
m* Equivalent mass of the two bodies in contact g
Mbroken (0 Mass of broken particles generated during the ith impact g
Mdebris(i) Mass of debris two sieve cuts below the original particle size g
generated during the ith impact
Mfeed(i) Mass of particles fed for the ith impact g
Mi Out of balance moment N m
mp Particle mass . g
MPCS Multiple Particle Crushing Strength N
n Number of elements, in Eqn, 4.4;
Number of impacts, in Eqns. 4.11 and 4.12.
nG Empirical constant, in Eqns. 5.5 and 5.6
P Load N
Pf Load at the point of breakage N
Py Limiting contact pressure Pa
P(cjj) Probability of failure of an element of volume with a single
flaw at a stress gj
R Particle radius m
R* Radius of curvature m
]r> Mean radius of the cell m
Ri Particle radius m
R2 Platen radius 111
R mjn Radius of the smallest particle 111
Rp* Radius of curvature at the point of maximum compression 111
s Displacement 111
SCS Side Crushing Strength N
xvi
t DEA simulation time s
ta Attrition time s
tf Time of flight s
u Energy absorbed by the assembly J
U c Characteristic energy absorption, in Eqn. 5.1 J
V Impact velocity m s' 1
Vi Linear particle velocity m s"1
V r Rebound velocity m s"1
Vr Rayleigh surface wave velocity 111 s"1
V w Volume of wear removed by lateral cracks 1113
Vy Impact velocity at onset of yield 111 s"1
w Mass of material passing sieve of size d, in Eqn. 5.4 g
W t Mass passing sieve of size dx, in Eqn. 5.4 g
Xmax Maximum particle size 111
Y Yield stress Pa
Greek letters
a Rotation angle degre
*a Maximum displacement m
a c Angle of conical crack, in Fig. 2.4 degre
a n Displacement in the normal direction m
a p Displacement due to plastic deformation m
P Curve shape factor, in Eqn. 5.1 -
Po Scale parameter, in Eqn. 4.2 -
Pc Contact damping coefficient -
Pg Global damping coefficient kg s' 1
r Shear strain -
5 Empirical constant, in Eqn. 5.8 -
AFn Incremental normal force N
At Time step in DEA simulations s
Atc Critical time step in DEA simulations s
8 Volume fraction porosity -
T| Dimensionless constant, in Eqn. 2.1. -
0 Apical angle of the indenter degrc
K Constant regarded as material parameter, in Eqn. 5.9 -
X Parameter function of Poisson ratio in Eqn. 6.1 -
P Coefficient of friction -
V Poisson ratio -
xvii
Vl Poisson ratio of the particle
V2 Poisson ratio of the platen
^debris
Fraction loss per impact (debris below 1.18 mm)
^ broken Fraction loss per impact (broken particles)
£ increm. 
9 debris Incremental fraction loss per impact (debris below 1.18 mm)
e cum. 
9 debris Cumulative fraction loss per impact (debris below 1.18 mm)
£ cum.
9 broken Cumulative fraction loss per impact (broken particles)
£  increm. 
9 broken Incremental fraction loss per impact (broken particles)
n Pi equal to 3.1415926536
P Particle density
a Normal stress
Off Maximum tensile stress to initiate fracture
<7i Sorted crushing stress
C m Material strength
Cref Normal stress taken as reference in Eqn. 5.8
cscs Side crushing stress of the test material in Eqn. 5.9
CTy Yield stress
¥ Empirical constant, in Eqn. 5.9
COi Rotational particle velocity
©0 Natural frequency of the force oscillation over time
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CHAPTER Is INTRODUCTION
Regulations for gasoline production in developed countries have changed in the last 
20 years and will become more and more severe in the future. The progressive 
reduction in the use of lead, the introduction of oxygenated compounds and the 
reduction in the sulfur concentration has been made possible by the development of 
new technologies. Stricter regulations are expected to appear concerning the 
limitation in the concentration of benzene, heavy aromatics and C4 to Ce olefins. 
Catalytic reforming with semi-regenerative and continuous regenerative technology 
is a powerful tool for the refiners to meet the actual specifications on gasoline. The 
reformates produced in this way show a high octane number for use as high- 
performance gasoline fuel. This explains why most refineries are equipped with a 
reforming unit, which provides 30% to 40% of the gasoline pool. A schematic 
representation of the integration of a reforming unit in a refinery is given in Fig. 1.1.
The main objective of the reforming unit is to transform linear C6 to Cio paraffins or 
naphtenes into C7 to C9 aromatics or highly branched molecules, which means higher 
molecular weight molecules, all showing high octane numbers. The octane in a 
reformate is brought by C6 to Cio aromatics and C5 isoparaffins and the octane 
number is an indication of the knock-rating of a motor fuel.
The reforming is reached through the control of basic reactions such as 
dehydrogenation, isomerisation-dehydrogenation and dehydrocyclisation. These 
reactions are performed at near 500 °C in gas phase. Unwanted reactions, such as 
coke formation, cracking into light molecules or hydrogenolysis, should be 
minimised by the proper design of the catalytic system and the choice of operating 
conditions (Martino, 1998). Coke, which is a solid rich in carbon and poor in 
hydrogen, is formed at the surface of the catalyst by successive reactions of 
alkylation, cyclisation and dehydrogenation. This is the main source of deactivation 
of the catalyst. Therefore regeneration of the solid remains an important feature of 
the reforming process.
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Figure 1.1: Schematic representation o f  refinery operations and integration o f  a 
reforming process into a refinery (Speight; 1980).
Another additional benefit of the reforming unit is its ability to produce large 
quantity of hydrogen, which is used on site by highly demanding hydrogen units of a 
refinery such as hydrotreatment units.
As a result, this catalytic process has been the subject of long term research and has 
experienced gradual evolution. Changes in process design are usually accompanied 
by modification of the catalyst for improved performance and to achieve the 
following objectives (Aitani, 1994):
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• higher reformate octane yields,
• more efficient catalyst regeneration,
• longer catalyst life and enhanced surface stability,
• lower-pressure operation and less hydrogen recycle.
Significant improvements have been obtained with bi-functional catalysts composed 
of chlorinated gamma aluminium oxide supporting highly dispersed bi-metallic 
phase Pt-Re or Pt-Sn (Martino, 1998). Specific surface area of the fresh catalyst 
varies between 150 to 250 m2 g '1, the pore volume is between 0.5 and 0.8 cm3 g' 1 and 
the pore diameter varies from 8 to 10 nm. The alumina support must be very pure, 
with an impurity concentration lower than 500 ppm and the concentration in Pt tends
to be in the range 0.2-0.6 wt. %. The average particle diameter varies between 1.2 to
2.2 mm and extrudates are used in fixed bed whereas spherical beads are preferred 
for moving bed reactors.
Strong demands for products with a research octane number greater than 100 and low 
benzene content, and for maximum hydrogen production favour technologies 
operating at low pressure in the range of 2 to 6 bar with a Continuous Catalyst 
Regeneration (CCR). This is achieved with the “Octanizing” or “Aromizing” 
reforming processes licensed by the Institut FraiK^ais du Petrole, which are described 
by Clause et a l (1998). For this configuration, Pt-Sn catalyst particles show higher 
selectivity and stability. From a more material-focused standpoint, CCR technology 
requires special properties for the catalyst: spherical shape with narrow size 
distribution, increased thermal stability to withstand accelerated cycles of reaction - 
regeneration and excellent resistance to both mechanical as well as thermal shocks. 
This first chapter reviews the CCR technology, the methods for producing catalyst 
earner beads and the mechanical stresses experienced by the particles within the 
reforming unit.
1.1 Continuous reforming process
The continuous reforming process was developed by UOP in the 1960s to produce 
large quantities of high-octane reformate and high-purity hydrogen on a continuous
3
basis. Small quantities of catalysts are continuously withdrawn from an operating 
reactor, transported to a regeneration unit, regenerated and returned to the reactor. In 
the IFP design, the system consists of a series of four radial-flow adiabatic reactors 
side by side as shown in Fig. 1.2. The catalyst is circulated in the annular part of the 
moving bed reactors and moved from the bottom of one reactor to the top of the next 
one in the line using a gas lift. The spent catalyst is withdrawn from the last reactor 
and transported to the regenerator by gas lift. In the regenerator, the coke covering 
the surface of the catalyst is burnt off and the metallic phase is redispersed in order to 
introduce the catalyst with an optimal performance back into the first reactor. As the 
frequency of regeneration is increased, this reforming process allows the reduction of 
operating conditions, such as the pressure and temperature, and an increase in the 
reaction severity. Additional benefits of the CCR unit include elimination of 
downtime for catalyst regeneration and steady production of hydrogen of constant 
purity.
REFORMING UNIT
Figure 1.2: IFP Continuous Catalyst Regeneration (CCR) Reforming Process.
r^-i UPPER 
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About a hundred cycles per year may be required with the same batch of catalyst 
depending on the level of severity at which the unit is operating. Therefore, the 
continuous circulation of the catalyst relies on the mechanical properties of the 
catalyst support. A long lifetime of the catalyst is assured by a careful control of the 
sources of attrition and breakage. The catalyst manufacturer guarantees a maximum 
attrition level per year of 3-6 %. However, it is observed that the catalyst particles 
experience a much higher level of attrition. Extents of breakage in the order of 25 % 
per year have been observed in the industrial units. Improving catalyst resistance to 
degradation is therefore essential. This leads to the necessity of developing a 
methodology for testing catalyst carrier particles, based on the analysis of stresses the 
particles experience in a reactor, and identifying factors which influence the strength 
of the particles.
1.2 Particle formation
In order to obtain high octane reformate, the preparation of the catalyst has to be also 
optimised. Reforming catalysts are based on well-dispersed platinum on y-alumina 
at a concentration in the range 0.5-3.0 %. High selectivity and stability is required as 
well as a high chemical purity. However, the performance of the catalysts strongly 
depends on the size, shape, pore structure and mechanical strength of the support. 
The size used is generally in the millimetre range and the shape can vary from pellets 
to extrudates and spheres. These supports are produced on the industrial scale by 
extrusion, granulation, spray drying, tabletting or sol gel processing, the two first 
methods being the cheapest options and tabletting the most expensive one (Deng and 
Lin, 1997).
In moving bed reactors, spherical particles of uniform size in the range 1-2 nun and 
well rounded are preferred. Spherical particles can be produced by three different 
methods: granulation, spray drying and sol-gel process. The first one leads to 
irregular particles and the second one to small particles in the range 50-200 jam. 
Therefore the sol-gel method is selected to prepare catalyst beads. The particles are 
obtained from gelation of individual droplets containing a dispersion of colloidal 
suspension. This is also called the “oil drop” method because the spheres are
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individually formed and shaped in a liquid phase using a dropper. Particles produced 
by the sol-gel process present the following properties, which are required for 
reforming catalyst particles (Deng and Lin, 1997; Martino, 1998):
• uniform size in the range of diameter between 1.2 to 2.2 mm and good sphericity,
• smooth surface to reduce the production of fines by abrasion,
• high mechanical strength to reduce the production of debris by fragmentation,
• high thermal and chemical resistance,
• controlled microstructure, i.e. the control of the pore size, shape, volume and
distribution. Typically, the porous volume is 0.5 to 0.8 m /g and the diameter of
the pores 8 to 10 mu,
• controlled macrostructure by addition of a pore forming substance that is easily 
removed,
• high surface area in the range 150-250 m2/g,
• controlled composition and reduction of surface impurities, typically below 500
ppm.
A general preparation procedure of the catalyst is presented in Fig. 1.3 (Deng and 
Lin, 1997; Wang and Lin, 1998). Large spherical granules, typically in the range 
from 0.1 to 5 nun, can be prepared by gelation of individual droplets generated from 
colloidal suspension by the oil-drop method (Komarneni and Roy, 1985). This 
method has been used to prepare granular alumina supports from a suspension made 
of alumina powders (Svoboda et al., 1994). Combining the oil-drop method with the 
Yoldas sol-gel process (Yoldas, 1975), nanostructured y-alumina granules have been 
produced. The formation of large beads with a very uniform size distribution as 
expressed above requires a good control of the droplet formation phase (Walzel, 
1993). This is achieved by using a dripping mode of droplet formation, where the 
gravitational force dominates the mechanism of droplet formation from an hydrosol 
solution of pseudo-boehmite. The geometry of the orifice and the physical properties 
of the suspension determine the droplet size. The droplet is then turned into a soft 
solid material by one of the following solidification processes:
• Formation of a gel from the aluminium oxide sol by polymerisation of an added 
organic substance within the droplet during the fall of the droplet in a column 
filled with a heated organic compounds with high interfacial tension to obtain a
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good sphericity (Cahen et al., 1979; Sittig, 1973). In this case, the temperature of 
the column regulates the solidification process.
• Aggregation or coagulation within the droplet by contact with an aqueous phase 
of ammonium additives. In this case the sudden change of pH results in the 
formation of a gelled bead with sufficient cohesion to be handled and then dried 
(Olechowska et al., 1974; Condea; Ismagolov et al., 1991).
Preparation of a suspension of 
aluminium hydrate
Droplet formation and 
solidification
I
Drying and calcination 
—> Carrier
Metal impregnation 
—> Catalyst
Dropper
(Shaping)
Heated Paraffin Oil 
Layer 
(Gelation) 
or
Ammonia Solution 
Layer
(Gelation and 
Aging)
(a) (b)
Figure 1.3: Preparation procedure o f the catalyst (a) and diagram o f the droplet 
formation and solidification by the sol-gel method (b).
The soft beads contain a large amount of solvent (60 to 90 wt. %) and are highly 
deformable. Special care is therefore needed for gentle handling. The beads will 
undergo some shrinkage during drying and calcination. The volumetric shrinkage 
ratio defined as the ratio of the initial to the final particle volume is equal to 5 to 6. 
The control of particle geometry during the shrinkage period of the drying process 
requires a good understanding of the drying mechanisms and the internal stresses 
generated during this step (Mercier et al., 1998). The final step is the calcination at 
elevated temperatures in the range 500 °C to 700 °C in order to reach the specified 
mechanical and textural properties.
Once the support has been prepared, the catalyst can be added to it. A traditional 
way of incorporating the metal catalyst to the pre-shaped support is by wet
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impregnation (Deng and Lin, 1997; Centi et a l, 1995). The support beads are 
immersed in an aqueous solution containing the catalyst precursor, dried and 
calcined again to insure good bonding of the catalyst particles to the support. Some 
research has been carried out to incorporate the active species precursor with the 
boehmite sol, leading to a one step preparation method (Ishiguro et al., 1990, van der 
Grift et al., 1991). This method avoids additional drying and calcination steps 
required in the wet-impregnation method. It is therefore more efficient and energy 
saving. It also offers a homogeneous dispersion of the active species on the support. 
However, this method present* the inconvenience that some catalyst sites may be 
covered during the sintering step and become inaccessible to the reagents (van der 
Grift et a l, 1991). The particles tested in this work were provided before the 
deposition of the metal catalyst onto the support.
A micrograph of a sample of alumina catalyst support used in a reforming unit with 
continuous regeneration is presented in Fig. 1.4. The typical average diameter is 2 
mm with a standard deviation equal to less than 5 percent of the average value. The 
sphericity index, which is equal to the ratio of the largest particle diameter to the 
diameter directly perpendicular to it, is determined by optical image analysis and a 
typical value for the catalyst carrier beads lies in the range 1 to 1.05. Smoothness of 
the surface, which is based on the grain size and on the presence of filler, is an 
additional advantage of this method of production. The smoothness of the particles 
tested in this work will be analysed in Chapter 3.
Figure 1.4: Sample o f reforming catalyst carrier beads.
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1.3 Mechanical stresses experienced by the particles in a reforming 
unit
Catalyst particles are subjected during their lifetime to a wide range of mechanical 
stresses. These stresses can be sufficiently high to cause fragmentation and surface 
damage of the particles. The small fragments and fines, which are generated in this 
way, can segregate and accumulate in slow moving regions, causing difficulties in 
the process operations. Therefore, a short description of the main flow processes that 
could cause particle attrition and an analysis of the type of stresses experienced by 
the particles in each section of the reforming unit are presented below. A qualitative 
analysis of these stresses is given in Appendix A.
1.3.1 Flows causing particle attrition
Particles in mechanical processes and handling equipment can be stressed in different 
ways. The duration and frequency of the applied stresses imposed by the nature and 
magnitude of the contact forces acting on the particles, affect the bulk behaviour of 
the solid. In a life cycle, multiple combinations of different behaviours have a 
cumulative effect on the particle strength. Therefore, it is necessary to first 
distinguish the different flow processes that cause particle attrition.
Particles may experience impact stresses when they are required to stop or change 
direction within the process plant. High collision energy can then lead to the particle 
fragmentation or chipping depending on the angle of impact. This may occur during 
loading or unloading of particles into and out of a reactor. Particles that are brought 
abruptly to a stop may be further impacted 011 by following particles and experience 
additional damage or particles may impact on a bed of particles. Impact may also 
occur with other particles, for example in dilute-phase pneumatic conveying systems. 
In general, the impact velocities are low, but the frequency of collisions may be very 
high, leading to the particle fatigue and fragmentation with time.
Particles may also experience sliding against a contact surface, when for example 
few particle layers move relative to a boundary surface. This may generate particle
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abrasion due to repetitive light contact stresses. “Open” chute flow, the discharge 
streams of belt conveyors and dilute phase pneumatic conveying are examples of this 
flow process.
In large reactors or storage vessels, the particles at the bottom may experience 
extensive compressive stresses due to the weight of the bed above them. This may 
lead to the breakage of the weakest beads in the assembly. In addition, particles may 
sometimes get trapped by equipment parts, such as rotating blades or sliding arms. 
High localised compressive forces may also lead to the particle breakage.
Finally, in a bulk assembly under a continuous level of normal or tangential stresses, 
a continuous and changing load path through the particles in the bed is observed. 
Particles tend to move in blocks of material. Between each block or near a wall, 
failure zones of up to 10-particle diameter in depth are observed. Within the failure 
zones, due to the high degree of confinement of the particle bed, the particle contact 
stresses induced during the bulk deformation are high, resulting in attrition by 
particle abrasion and fracture. These failure zones are observed in hoppers, silos, 
bins and bunkers, chutes, submerged beds of mixers, agitated vessels (BMHB, 1990).
1.3.2 Reaction section
Catalytic conversion occurs at high temperatures in the range 450 °C to 550 °C in the 
reaction section. Reactors are specially designed to ensure low pressure drop and 
plug flow for the solids (Martino, 1998). As a result, an annular configuration of 
catalytic bed is preferred. The gaseous reactant flows perpendicularly through this 
vertical annular bed of catalyst contained by metallic grids as illustrated in Fig. 1.5 
(Trambouze et al., 1984). The catalyst particles are introduced at the top of the 
moving bed reactor into the annular bed leading to an impact at about 10 m s"1 which 
may lead to considerable particle breakage. Particles flow continuously or 
intermittently in the downward direction and experience significant compressive and 
shear' stresses that may lead to their attrition and breakage. This in turn may cause 
maldistribution of gas and catalyst flow, hence reducing the conversion efficiency.
The most severe operating problem encountered would be the plugging of the gas 
distribution grids by fines or fragments caused by the attrition of the particles.
Reactors are connected by pneumatic conveyors or lift systems which operate in a 
dilute mode. At the bottom of the reactor or the regenerator, the catalyst beads are 
picked up and lifted by the injection of nitrogen to the top of the next reactor. This 
gas-solid flow of large particles may cause additional formation of fines and 
breakage through low-velocities impacts of particles against each other or against 
metallic internals in the unit.
Figure 1.5: Moving catalytic bed reactor with annular geometry and continuous 
flow o f  catalyst (Trambouze et al., 1984).
1.3.3 Regeneration section
The deactivated catalyst enters the regeneration section where several operations 
need to be performed on the catalyst to regain its initial catalytic activity and 
selectivity as described by Clause et al. (1998). First, the coke is burnt off in two 
steps in order to avoid hot spots and uncontrolled combustion resulting in an
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undesirable and irreversible change of structure (evolution towards alpha alumina 
phase), accelerated sintering and loss of mechanical strength. Then, oxychlorination 
is used to redisperse the platinum phase and finally the catalyst is calcined.
Each of these steps involves heat treatment which may be an additional source of 
particle damage. These operations can be achieved simultaneously or sequentially. 
In each case, solids flow or discharge is encountered and can be added to the list of 
attrition and breakage sources.
From the review of the different sources of catalyst damage, the following types of 
situation prevail:
• compression and shear in the storage tanks, moving bed reactors and 
regenerators,
• impact and rapid shear in the lift system and during the loading of the solids 
into the moving bed reactors.
Because of a very wide range of strain rates prevailing in this system, a single test 
cannot reliably describe the damage incurred by the catalyst beads in all sections. A 
multi test approach has been set up and is described in Chapter 3. For compression 
and shear* deformations, the relevant stresses can be estimated (Lanot, 1996) and then 
reproduced in the laboratory scale in specially designed test devices in which the 
attrition of catalyst beads may be estimated.
1.4 Overview of the dissertation
The aim of this work is to focus on the characterisation of the mechanical 
properties and the evaluation of catalyst resistance to degradation with a view to 
improving the catalyst beads used in the CCR process. The approach is based on 
gaining a better understanding of catalyst damage mechanisms of abrasion and 
fragmentation occurring when the particle are subjected to shear, compression or 
impact stresses. This is carried out first on the commercial sample. Based on this 
understanding, the manufacturing process of the catalyst beads is slightly modified in 
order to produce stronger beads, which will not break or generate fines, especially at
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the early stage of their residence time in the reactors, leading to abnormal running 
conditions of the reactors.
After this introduction, Chapter 2 will present a literature review on the breakage of 
catalyst carrier beads with a definition of their failure mode and mechanism of 
breakage and the experimental methods available for testing their strength. It will 
also introduce the concept of particle reinforcement as a possibility to increase the 
particle strength.
Chapter 3 will then introduce the methodology developed in this project to analyse 
the particle strength and to optimise the manufacturing procedure of the catalyst 
beads. The catalytic system used in the CRR technology is a metal supported 
catalyst. However, the methodology described here is applied to the carrier itself, 
which is a pure gamma alumina bead with controlled porosity, composition and size 
distribution. The samples that were tested in this work are also introduced in this 
chapter as well as their properties, especially in terms of porosity, composition, 
drying procedure and macro-defects. These data were provided by Institut Franpais 
du Petrole (Solaize) together with the samples. Scanning electron microscopy of the 
particle structure and defects was also carried out mainly at the Physics department 
of Institut Fran9ais du Petrole. In addition, the material properties, i.e. Young’s 
modulus, hardness and fracture toughness were determined experimentally for a 
limited number of samples and the results are also given in Chapter 3.
Chapter 4 will then describe the analyses of the catalyst carrier bead strength on a 
single particle level, under both quasi-static testing and impact testing. The results 
obtained with these two techniques are discussed and the advantages of each one are 
proposed. These two techniques were also used in the process of optimisation of the 
catalyst support strength. The effects of the process parameters such as the particle 
macroporosity, composition, drying procedure, surfactant and macro-defects are 
analysed.
In Chapter 5, the bulk attrition of catalyst carrier beads will be analysed during the 
compressive loading of a particle bed in a confined space and during shearing. This
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is to simulate the bulk behaviour that the beads may experience in the moving bed 
reactors or storage.
However, it is difficult to understand the bulk behaviour in terms of attrition by 
carrying out bulk test only, as the forces within an assembly are not uniformly 
distributed through the bed. Therefore, in order to gain a better understanding of 
how and why the particles break in an assembly under stresses, one of the bulk test,
i.e. the BCS test, has been simulated by Distinct Element Analysis, based 011 the 
individual particles material properties determined experimentally. The methods and 
results will be presented in Chapter 6, where the results from the simulation are also 
compared with the experimental data.
A general discussion and conclusion will be given at the end of this dissertation and 
future work on the understanding of the attrition of catalyst carrier beads will be 
proposed.
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CHAPTER 2: ATTRITION OF CATALYST CARRIER BEADS
2.1 Introduction
The qualities aimed for in catalyst carrier beads as listed in Chapter 1 favour the choice of 
ceramic materials. This allows a good control of the microstructure, both in terms of the 
surface area and size of the pores. However, the control of the homogeneity of the 
particle strength is difficult and depends on the manufacturing process of the particles 
and especially on the defects or flaws generated within the particles. In this Chapter, an 
approach to the understanding of the mechanism of particle attrition for the case of 
porous ceramic particles is proposed.
In order to understand the mechanism of particle attrition, a basic knowledge of both the 
mechanical properties of the particles and the mode of loading is required. This involves 
the determination of the three mechanical properties relevant to particle attrition, i.e. the 
modulus of elasticity, hardness and fracture toughness, which are respectively a measure 
of the elastic and plastic deformation and of the resistance to crack propagation. The 
mode of loading, i.e. local or distributed, the direction of the load application and the 
loading rate affect the stress intensity within the particles, and may cause a switch from 
one failure mode to another. In addition, the particle size will have a direct effect on the 
failure mode.
In this Chapter, the failure modes will be described focussing specially on the failure 
mode that applies to the catalyst carrier beads. The mechanism of breakage observed for 
this type of particle will be then described and the typical tests used to measure the 
strength of such particles will be presented. Finally, the concept of particle 
reinforcement will be introduced as a possible tool to increase the particle strength and 
reduce the heterogeneity within a sample of catalyst beads.
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2.2 Failure modes of catalyst carrier beads
2.2.1 Introduction
Failure of a material occurs when the applied load generates a stress that exceeds a 
critical value. The failure modes can be easily described by analysing the quasi-static 
indentation of a rigid indenter on flat surfaces (Papadopoulos, 1998) or by comparing 
the stress-strain curves. The mechanism of breakage can then be interpreted based on 
the observed failure patterns. A representation of the three failure modes, i.e. brittle, 
semi-brittle and ductile is given in Fig. 2.1 based on the stress-strain curves. A failure 
mode is considered as brittle when the contact deformation up to the point of failure 
remains elastic and little or no plastic deformation is observed. However, if plastic 
deformation within the contact zone precedes the crack propagation, the failure mode is 
termed as the semi-brittle mode. The ductile failure mode occurs in material such as 
metals and polymers where extensive plastic deformation occurs within the contact 
zone, which can lead to plastic rupture without any crack formation.
A typical stress-strain curve obtained when loading a catalyst carrier bead up to the point 
of failure is shown in Fig. 2.2. This shows that the particle experiences a sudden 
breakage when a crack propagates through the particle. The fragments tend to fly away 
by using the elastic energy stored during the compression. Therefore, based on this type 
of curve and due to the limited plastic deformation observed at the contact zone, it can 
be suggested that these particles fail under the brittle failure mode, which will be 
explained in more detail below. However, due to the limited plastic deformation 
observed at the contact area, a switch from the brittle failure mode to the semi-brittle 
failure mode may occur.
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Strain
Figure 2.1: Stress-strain curves obtained up to the point o f  breakage for material with a 
brittle, semi-brittle and ductile failure mode.
Strain (-}
Figure 2.2: Stress-strain curve obtained during the compression o f  a catalyst carrier 
bead between two fla t platens.
2.2.2 Brittle failure mode
This type of failure is obtained when a blunt indenter, e.g. a sphere, is loaded on a flat 
surface, creating a large area between the two bodies in contact. This configuration
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produces the classical ring and Hertzian cone cracks, which develop due to the presence 
of pre-existing flaws, i.e. microcracks, pores, inclusions (Lawn, 1993). Griffith (1920) 
suggested that flaws in the material can act as stress concentrators. A crack will 
propagate within the material when the decrease in the stored elastic strain energy 
associated with crack extension exceeds the increase in the surface energy associated 
with the formation of new surfaces. In the absence of the pre-existing flaws, materials 
with a brittle failure mode are very strong and can only fail when microcracks are 
generated by high shear deformation. Weibull (1951) suggests that the strength of a 
material with a brittle failure mode will be determined by the size of the largest flaw 
within the material. Therefore the fracture strength depends on the probability of a flaw 
being capable of initiating fracture at a specified stress. This leads to a scatter of results 
normally found for the strength of such materials, which can be described by Weibull5 s 
theory (1939, 1951). This theory assumes that the risk of rupture is proportional to a 
function of the stress and volume of the body.
These pre-existing flaws are mainly produced during the manufacturing of the material 
for the case of ceramics. Microcracks can be formed due to defects at grain boundaries 
or due to thermal expansion or elastic mismatch during the drying and calcination 
stages. The presence of pores is another type of flaw; The pores can be produced 
during sintering or imperfect packing of the powder. In the case of the catalyst beads 
analysed in this dissertation, air entrapment during the suspension preparation can lead 
to the formation of large bubbles, that will have a direct effect on the particle strength. 
Inclusions are the third type of flaws. They can come either from a second phase or 
from agglomerates of the powder used for the ceramic preparation. Inclusions can lead 
to the formation of residual stresses within the particle depending on the thermal 
expansion and elastic mismatch between the matrix and the inclusions. Scanning 
electron micrographs of the catalyst carrier beads, with their failure linked to the 
presence of flaws, are shown in Fig. 2.3. Figure 2.3 (a) shows the fragmentation of a 
catalyst particle into two hemispheres caused by a crack in its centre and Fig. 2.3 (b) 
shows the effect of large air bubbles located near the impact zone on the particle 
breakage.
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Figure 2.3: Effect o f macro-defects, i.e. crack (a) and air bubbles (b), on the breakage 
o f catalyst carrier beads during impact.
Surface ring cracks develop from flaws located around the contact circle as a result of 
the high tensile stresses in this area (Lawn, 1993). An increase in the applied load leads
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to the propagation of the ring cracks along a conical surface downward into the indented 
material which is inclined at about 22° with respect to the free surface. This forms the 
Hertzian cone crack, as shown schematically in Fig. 2.4.
(a)
v y+ A _ /
/  X
V 21
V \ /  X
v z v_y-)  v \ /
(b)
Figure 2.4: The Hertzian cone crack system: (a) Evolution o f the cone during loading 
(+) and unloading (-) and (b) geometrical parameters: a is the diameter o f  the contact 
area, P, the applied load, R, the particle radius, lc, the length o f  the conical crack and 
ac, its angle with respect to the horizontal surface (from Lawn, 1993).
The formation of Hertzian cone cracks can lead to material removal (Lawn, 1993; Shin 
and Maekawa, 1995). Material removal is not often observed when large specimens are 
impacted or compressed because the conical cracks do not easily reach the external 
surface of the material, and therefore do not lead to material removal. However, damage 
generated by Hertzian cone cracks are commonly observed on finite material such as the 
glass spheres tested under impact by Salman and Gorham (1997) or the porous silica 
beads tested by Papadopoulos (1998). Catalyst carrier beads tested in this work also 
experienced damage by the formation of Hertzian cone crack during impact. This is
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shown in Fig. 2.5, where it can be seen that only half of the conical crack has reached 
the external surface leading to the removal of a little chip from the particle.
Figure 2.5: Impact damage due to the formation o f a Hertzian conical crack during 
impact o f  the catalyst carrier bead.
The analysis of the fracture planes after failure can help the identification of the position 
from which the failure is initiated and to elucidate the cause of the failure. Techniques 
for the failure analysis of glasses and ceramics are relatively well established. However, 
as some of the samples of catalyst carrier beads analysed in this work contain filler and 
macropores and are small in size, the analysis may be more difficult. A common 
fracture pattern is the crack bifurcation as the crack accelerates and moves away from 
the crack origin. This leads to the formation of fine fragments. Other features relevant 
to the material tested here can be observed at the macroscopic level as described by 
Brook (1991):
- a fracture intersecting or radiating from a single point,
- a fracture extending inwards from an edge of the material,
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- a fracture intersecting a hole in the material.
In order to understand the failure mechanism, the fracture surfaces in the suspected 
region of fracture must be analysed by microscopy. Distinguishing features of the 
fracture surface can be observed dming the crack propagation through a ceramic 
material. In the area of the crack initiation, the fracture plane is in general very smooth 
due to a too low crack velocity for it to bifurcate. This zone is referred to as the “mirror” 
region in the literature. Further from this failure origin, a zone containing a rougher 
surface made of “river markings” can be observed and is referred to as the “hackle” 
zone. This type of fracture surface is schematised in Fig. 2.6.
Figure 2.6: Representation o f the fracture surface o f a material with a brittle failure 
mode shownng the mirror zone and the river markings in the hackle zone according to 
Brook (1991).
These river markings are generated due to an increase in the crack speed leading to the 
crack bifurcation by deflection of the crack tip onto parallel planes. The overlapping of 
these planes creates steps on the fracture surface which forms the river markings (Brook, 
1991). Typical fracture surfaces of the catalyst carrier beads can be observed in Figs.
2.3 and 2.7. The particle on the left-hand side of Fig. 2.3 (a) has a very smooth fracture 
surface, which reveals almost no information on the fracture initiation. However, the
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particle 011 the right-hand side of Fig. 2.3 (a) shows a small annular region at its centre, 
where the surface is very smooth. This could be the “mirror” zone. Moreover, as we go 
slightly further from this zone, the surface becomes rougher, suggesting an increase in 
the crack speed. It is unlikely that the crack observed on the central part of the bead had 
any influence 011 the particle fracture. No clear river planes are observed, presumably 
due to the coarse size of the grains used for the preparation of the beads and the presence 
of filler inside this particular sample. Small river planes can be seen in Fig. 2.3 (b), 
where the fracture was initiated near the impact zone due to the presence of large air 
bubbles. This type of fracture surfaces also occurs in the presence of internal cavities 
(see, the encircled region in Fig. 2.7 (a)). It is difficult to say if the fracture was initiated 
internally near the large cavities, or on the right-hand side, where another mirror zone 
can be found.
The fracture surface can be best analysed 011 samples prepared with no filler as in Fig.
2.7 (b). As a result of the impact against a flat stiff target, circimiferencial cracks were 
initiated around the impact site and a compressive zone was formed underneath the 
contact area. The high compressive stresses within this zone may lead to crack initiation 
and meridian fractures due to the large tensile hoop stresses induced by the compressive 
zone. This zone can be compared with the compression cone observed by Arbiter et a l 
(1969), Shipway and Hutchings (1993c) and Salman et al. (1995). The particle in Fig.
2.7 (b) seems to have experienced fragmentation by an oblique fracture plane as the 
remaining fragment is larger than a hemisphere. Oblique fracture planes develop from 
the compression cone similar to the meridian fractures, i.e. along trajectories of tensile 
stresses, but with an angle with respect to the impact axis. Below the contact zone, the 
fracture surface is relatively flat and corresponds to the mirror zone. A transition can 
then be observed between this zone and the river markings zone, which is referred to as 
“mist” in the literature, where the crack speed starts to accelerate leading to the crack 
bifurcation. However, the river markings in the hackle zone are very smooth and can be 
seen mainly near the external surface and mist region.
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(b)
Figure 2.7: Fracture surfaces o f catalyst carrier beads prepared with fdler (a) and 
without filler (b).
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This suggests a slow acceleration of the crack within this type of material, presumably 
due to the high level of macroporosity as compared with the glass or dense ceramic 
materials analysed in the literature, see Lawn (1993), Shipway and Hutching (1993a, 
1993c), Salman and Gorham (2000).
2.2.3 Semi-brittle failure mode
The semi-brittle failure mode is best described by the mechanism of indentation of a flat 
surface with a sharp indenter such as a Vickers indenter, or when the contact area 
between the two elements is small. Plastic deformation below the contact area starts to 
occur dining the indentation when the developed stresses reach the yield stress of the 
material. This deformed zone acts as a stress concentrator from which cracks may 
initiate. When a critical size of the plastic zone is reached, radial cracks initiate from the 
impression corners due to high circumferencial tensile stresses at the extremities of the 
contact zone (Lawn and Wilshaw, 1975). At higher loads, median cracks propagate 
through the particle due to the wedging action of the indenter. When the load is 
removed, the median crack closes up below the surface, but spreads outwards along the 
surface to form the half-penny geometry due to the residual tensile field at the surface 
during the elastic deformation recovery. If the peak load is sufficiently high, subsurface 
lateral cracks are formed near the base of the deformation zone, propagating parallel to 
the free surface. The development of this system of cracks is shown shematically in Fig. 
2.8, according to Lawn (1993).
The particle hardness is used as a measure of the plastic deformation that the material 
experiences under a given load. The formation of radial cracks during the unloading of 
a Vickers indentation has been used by Anstis et al. (1981) in order to calculate the 
fracture toughness of a material by indentation fracture.
25
(a) (b)
Figure 2.8: Radial, median and lateral crack systems, (a) Evolution during loading (+) 
and unloading (-). The plastic zone is shown in black, (b) Geometrical parameters o f the 
system: a is the size o f the contact area, P, the applied load and /,, the length o f the 
radial crack (from Lawn, 1993).
2.3 Mechanisms of particle breakage of catalyst carrier beads
Two main mechanisms of particle breakage can be observed for materials with a brittle 
or semi-brittle failure mode, i  e. chipping and fragmentation. Chipping is the removal of 
small chips or platelets from the contact zone, whereas fragmentation is caused by the 
propagation of meridian cracks for particles with a brittle failure mode or of 
radial/median cracks for particles with a semi-brittle failure mode. The mechanism of 
chipping produces generally only small debris and fines, whereas during fragmentation, 
large fragments are generated and the integrity of the particle is lost. High-speed video 
recordings of the impact of catalyst carrier beads experiencing chipping and 
fragmentation are shown in Fig. 2.9. It is interesting to note that in the sequence of Fig.
2.9 (a) the little chip was formed dining the unloading phase due to the presence of
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residual tensile stresses within the contact zone. The mechanism of particle breakage 
will be dependent on several parameters such as the magnitude of the applied load, the 
contact geometry, the material properties of the particle and target or platens and the rate 
of loading. These two main breakage mechanisms will be described in detail based 
mainly on the work of impact and compression carried out on glass and ceramic 
materials.
(a) Frame no. 1
(b) Frame no. 1
Figure 2.9: High-speed video recordings o f  the impact o f catalyst carrier beads which 
broke by chipping when impacted at 16 m s'1 (a) and by fragmentation when impacted at 
20 m s'1. The recording rate for these two sequences was 27000fps.
2.3.1 Chipping mechanism
Lawn (1975) described the chipping fracture of material with a brittle failure mode as 
related to the formation of lateral cracks from the deformation zone towards the 
specimen surface during the unloading of a flat surface with a sharp indenter. However, 
Papadopoulos (1998) observed the formation of conical cracks on porous silica beads 
resulting in the formation of chips of annular shape. Salman and Gorham (2000) 
analysed the failure patterns of soda-lime glass spheres between 0.4 and 12.7 mm under 
impact and observed the formation of Hertzian ring and cone cracks at the lowest 
velocities, very similar to the ones obtained by quasi-static indentation of a glass surface 
by a rigid sphere. As the impact velocity was increased, fragmentation occurred. 
Chipping was also observed for the semi-brittle materials such as crystals and polymers. 
Papadopoulous and Ghadiri (1996) analysed the impact breakage of poly­
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methylmethacrylate (PMMA) extrudates by chipping. Plastic deformation of the comers 
on which the extrudate impacted led to the formation of lateral cracks at low velocities 
and radial cracks at higher velocities. Cleaver et a l (1993) analysed the impact 
breakage of sodium carbonate monohydrate crystals. They observed that the failure 
mode was a function of the particle velocity and crystal orientation during impact. 
Below a certain threshold velocity, the particles failed by chipping according to the 
semi-brittle failure mode. However, above this velocity, the failure mode and 
mechanism of breakage depended on the crystal orientation. Corner-on impacts led to 
plastic deformation and therefore the particles failed by chipping according to the semi- 
brittle failure mode. However, during face-on impacts, no plastic deformation was 
observed and the crystal fragmented suggesting a brittle failure mode. The cracks 
propagated on planes that were perpendicular to the target and under high tensile 
stresses.
2.3.2 Fragmentation mechanism
The mechanism of fragmentation of particles with a brittle or semi-brittle failure mode 
has been reported extensively in the literature for glass and ceramic material. Charles 
(1956) first analysed the breakage of pyrex glass cylinders by high velocity impacts as 
compared to low velocity impacts. He suggested that the mode of fracture of a 
homogeneous material is determined more by the manner in which the loading forces are 
applied than by the amount of the applied energy. In addition, a high velocity impact 
may lead to fracture at a lower level of energy than that of a low velocity impact. This 
suggests a strain rate effect on the particle breakage. Charles (1956) also observed the 
shattering of the glass specimens under high velocity impacts. Gilvarry and Bergstrom 
(1961) studied the compression of glass spheres between platens made of tungsten 
carbide. The fragments after fracture tended to fly away at high speeds due to the 
release of the stored elastic energy into kinetic energy. Therefore, to avoid secondary 
fracture and to analyse the shape of the fragments, congealed gelatine was used around 
the specimen to decelerate the fragments. Gilvarry and Bergstrom (1961) observed that 
the glass particles broke into a large amount of fines debris corresponding to about 10 to
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25 % of the original sphere mass, and a large number of lunar shape segments for the 
remaining mass. The authors suggested that if the larger lunar shape fragments were not 
stopped by the gelatine and impacted against the wall of the chamber, secondary fracture 
may occur, which could result 011 the formation of fine debris only, as observed by 
Charles (1956).
Arbiter et al (1969) analysed the breakage of 25 mm diameter soda-lime glass spheres 
by compression and low velocity double impact. In both tests, the load was initially 
distributed over two small polar zones between the specimen and crushing surfaces. 
They observed that an encircling spalling occured first around the contact zones at about 
80 % of the maximum load and that the polar zones became white and opaque. Failure 
was then initiated along conical fracture surfaces, the base of which corresponded to the 
area of contact between the particle and the platen. The crack propagated along the axis 
of loading due to the presence of high tensile stresses. The cones broke into fine debris 
and a central core was also finely disintegrated. The material outside these regions 
broke into a small number of lunar-shaped fragments due to the presence of high tensile 
stresses near the particle surface resulting in the formation of several meridian planes. 
This is the same breakage pattern as observed earlier by Gilvarry and Bergstrom (1961). 
The term “meridian” has been used extensively in the literature to describe this type of 
failure when it applies to spherical particles. However, these meridian fractures occur 
by the formation of median vent cracks, as described in Fig. 2.8.
Similar shattering behaviour and whitening of the sample were observed by Andrews 
and Kim (1999) during the impact of 3 mm diameter soda-lime glass spheres. Based on 
an analysis of the contact region by the finite element method, Andrews and Kim (1999) 
suggest that the failure of the glass spheres initiates from the contact point and 
propagates along an advancing front.
The fragmentation of lead glass and single crystal sapphire spheres by impact and quasi­
static compression was also analysed in detail by Shipway and Hutchings (1993a, 
1993b). They earned out an analysis of the internal and surface stresses generated
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within the particles during testing based on the earlier work of Dean et a l (1952) and 
Hiramatsu and Oka (1966). They estimated similar stress distributions within the elastic 
spheres during both compression and impact. This suggests that the strain rate has little 
effect on the mechanism of particle breakage in the brittle mode. Under both loading 
conditions, large tensile stresses develop internally on the loading axis and also 
circumferentially on the surface of the sphere. This will lead to the development of 
radial cracks from the equatorial regions on the external surface. However, they showed 
that the locations and magnitude of these stresses depended on the size of the contact 
area and therefore on the properties of the platens. In addition, Shipway and Hutching 
(1993 a, 1993c) carried out an experimental analysis of the compression and impact of 
glass and sapphire spheres using as platens or target a vast range of elastic and plastic 
deforming materials. They observed that the failure mechanism of glass spheres was 
dependent on the mechanical properties of the platens or target. When the spheres are 
compressed between stiff elastic platens or impacted on a stiff elastic target, the 
breakage was initiated by high internal stresses and the formation of a cone of densified 
material below the contact zone was observed. The wedging action of the cone leads to 
the propagation of meridian cracks within the particle. When the spheres were tested on 
softer materials in which plastic deformation could occur, the breakage was initiated 
from surface flaws around the contact area at a critical value of tensile stress. Ship way 
and Hutching (1993a, 1993c) concluded that in most cases the failure of their glass and 
sapphire spheres initiated from surface flaws. However, they suggested that failure may 
also initiate internally in presence of a large flaw.
Salman and Gorham (2000) also analysed the breakage mechanism of so da-lime glass 
spheres under impact and compression conditions against aluminium oxide anvils. They 
observed first that the strain rate sensitivity of glass beads is limited, confirming the 
work of Shipway and Hutching (1993). The mechanisms of particle breakage were 
found to be dependent upon size and velocity. In large spheres, Hertzian crack systems 
were observed at low velocities. However, at higher velocities, a different crack system 
developed, similar to the one observed by Arbiter et al (1969) with a central core and a 
number of segments of similar shape and size formed by the propagation of radial cracks
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from the contact area. In addition, the contact area was normally pulverised into small 
debris. Hertzian cone cracks were also found in many specimens. However, they were 
not responsible for the catastrophic failure and only caused some chipping. When the 
velocity was further increased, a larger number of oblique and radial cracks originating 
from the contact zone developed and a cone of crushed material from below the contact 
zone was formed. When the velocity was finally increased further, the glass sphere was 
disintegrated into fine powders, as previously observed by Charles (1956) and Andrews 
and Kim (1999). However for particles with a diameter smaller than 2 nun, Salman and 
Gorham (2000) observed a distinctive breakage mechanism, where four or more large 
segments of similar shape are formed and the contact zone had disintegrated. The 
analysis of the fracture surfaces suggested that meridian plane cracks developed from 
the contact zone. Salman and Gorham (2000) used the same glass beads tested by 
Shipway and Hutching (1993a, 1993c) and obtained similar fragment shapes. Therefore, 
the detailed work of Salman and Gorham (2000) illustrates the different patterns of 
breakage for glass spheres. They showed that the impact velocity and particle size have 
a direct effect on the pattern of breakage.
Important work was also carried out on ceramic materials by some of the authors 
already referred to in this section. Arbiter et al. (1969) analysed the failure pattern of 
sand-cement spheres for which the failure mode is also brittle. They observed similar 
patterns to the one described for the glass spheres. A cone is formed below the contact area 
and remains free of internal fracture as opposed to the one formed in glass particles. 
Median vent cracks containing the impact axis start to develop from the periphery of the 
circle of contact by the wedging action of the cone. This leads to the formation of two 
hemispheres. If the impact velocity is sufficiently high, oblique cracks develop at the 
same time from the region around the contact zone following the trajectories of 
maximum compression. This was shown by superimposing the oblique fracture plane 
with the estimated trajectories of maximum compression (Arbiter et al., 1969). This 
leads to the formation of several orange-shape segments. The meridian and oblique 
fracture planes system described by Arbiter et al (1969) for the impact of sand-cement 
spheres is shown schematically in Fig. 2.10.
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Figure 2.10: The meridian and oblique crack plane systems as described by Arbiter et 
al. (1969) for the impact o f sand-cement spheres.
Salman et al. (1995) investigated the particle failure of 5.15 mm diameter aluminium 
oxide particles under normal and oblique impacts. They carried out a detailed analysis 
of the different patterns observed based on a statistically significant set of data as 
compared to the earlier work of Arbiter et al. (1969). Salman et al. (1995) reported that 
at sufficiently high impact velocities leading to particle fracture, a small conical region 
similar to the one described earlier developed beneath the contact area. Meridian 
fracture planes develop then from the conical region due to the tensile hoop stresses 
generated by the wedging action of the cone into the material. The four main meridian 
forms of brittle failure observed for aluminium oxide particles are illustrated in Fig. 
2.11. Figure 2.11 (a) shows the splitting of the sphere into two hemispheres by a 
meridian plane. In Fig. 2.11 (b), the breakage observed is a follow-up of the latter one, 
where one hemisphere experiences a secondary fragmentation and breaks into two 
quadrants. In Fig. 2.11 (c), the particle broke into three equal segments. This form was 
relatively uncommon and occurred only at the highest load. Finally, Figure 2.11 (d) 
shows the particle breakage into four- quadrants, which is supposed to come also from a 
fracture of type (a), followed by the secondary fragmentation of the two hemispheres 
into four quadrants. From the crushing work carried out in parallel, Salman et al. (1995) 
suggested that the fragmentation of type (a) occurs at a lower crushing load than for the 
other three types, and that the two most common patterns of breakage are the ones of
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types (b) and (d). Therefore, due to the limited effect of strain rate on the pattern of 
breakage, it can be suggested that the weakest particles will tend to break during impact 
according to the type (a) of breakage. The patterns of breakage observed by Salman et 
a l (1995) are consistent with the work of Arbiter et al (1969), who showed that a 
switch from a single meridian fracture to a combination of meridian and oblique 
fractures occurs with an increase in the impact velocity.
Figure 2.11: The four primary forms o f  failure o f aluminium oxide spheres during 
impact and compression as reported by Salman et al. (1995). The view is looking along 
the impact axis.
Andrews and Kim (1998) also carried out an analysis of the fragmentation mechanism of 
brittle solids using spherical aluminium oxide and silicon nitride particles of different 
sizes. They observed that below a threshold velocity, the particle rebounds intact and 
above this value, it experiences fragmentation. This threshold velocity depends on the 
material properties and decreases with an increase in the particle size. This is in 
accordance with the Weibull theory of material with a brittle failure mode, which is 
based on the fact that the probability of finding more flaws or larger ones is higher in a ~ 
larger particle (Weibull, 1939). However, Andrews and Kim (1998) show by finite 
element analysis that the stress amplitude within the particle is independent of its 
particle size and that it has only an effect on the contact time, and therefore on the 
duration of the stress pulse applied to the particle. Above the threshold velocity, they 
observed by high-speed recording of the impact sequences that the particle splits into a 
small number of fragments, i.e. 2 to 4 segments of similar shape, as observed by 
Shipway and Hutching (1993 a, 1993c) for glass particles. An increase in the impact 
velocity leads to an increase in the number of fragments produced. Andrews and Kim
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(1998) show that very large compressive stresses are generated near the contact zone based 
on the stress analysis of the particle during impact by finite element method. They also 
observed very high tensile stresses within a cylindrical region of material whose axis is 
aligned with the impact direction. The amplitude of the tensile stresses and the location 
of this region within the particle is dependent on the impact velocity. They observed 
that, this cylindrical region moves away from the contact zone as the impact velocity is 
increased. Andrews and Kim (1998) suggest that the fracture initiates from this internal 
tensile zone. Small chips were also formed during the particle fragmentation as 
observed in some high speed impact recordings. However, the formation of these chips 
was not described by Andrews and Kim (1998) and it can be expected that the chips 
were generated from the contact zone, as observed by Arbiter et al. (1969).
In the investigation of the mechanism of particle breakage, Potapov and Campbell 
(1997a) canted out 2D simulations of the impact of disks made of unbreakable rigid 
polygonal or polyhedral elements, which were glued together with compliant 
boundaries. They produced a material with which they could control perfectly the 
elastic properties and inserted in some samples macro-defects such as circular voids or 
linear* cracks. During the impact test, when a specified tensile strength is exceeded, the 
joints break and a crack can propagate between the units across the solid. They 
observed two main breakage processes that govern the patterns of breakage. The first 
process, i. e. type 1, occurs during the loading cycle between the time the particles first 
made contact with the target and the time of the maximum contact force. During this 
period, internal tensile stresses generate a distribution of oblique cracks that extend from 
the contact point. This would lead to the formation of lunar-shape segment in a 3D case, 
as those observed by Arbiter et al. (1969). The second process, i.e. type 2, occurs during 
the unloading phase and produces small cracks on perpendicular planes to the first sets 
of oblique cracks due to the bending stresses formed within the particles. In addition, 
Potapov and Campbell (1997a) found that a compression cone had developed beneath 
the contact area and that it was reduced into fine debris, as observed by Arbiter et al. 
(1969) for glass particles. A direct effect of the impact velocity on the mechanisms of 
breakage and therefore on the size distribution of the impact product was also observed.
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However, these patterns of breakage are directly dependent on the size and shape of the 
elements used to generate the disk and on their gluing properties. An application of their 
work was the analysis of the effect of macro-defects such as cavities and elongated 
cracks on the extent of breakage experienced during impact. To analyse the effects of 
pores, they introduced circular holes of different sizes within the disc and observed two 
main effects (Potapov and Campbell, 1996). First, internal pores concentrate stress 
internally and may be the source of crack initiation. Second, under large deformations, 
the pores may attract the passing cracks as they provide internal free surface. This leads 
to the close up of the cracks and to the formation of fragments with a size of the order of 
the hole spacing.
Different behaviour was observed when linear defects such as cracks were introduced 
into the discs due to their characteristic orientation (Potapov and Campbell, 1997b). 
These defects can nucleate cracks only if the tensile stresses are applied in the direction 
of the existing cracks. In addition, they may attract passing cracks. They observed that 
the presence of long cracks would enhance the second breakage process, i.e. the 
generation of secondary cracks perpendicular to the oblique ones, leading to an increase 
in the amount of fines produced, whereas smaller cracks would enhance mainly the first 
mechanism, i.e. formation of oblique cracks. The work of Potapov and Campbell 
(1997b) is of direct interest in the analysis of the attrition of catalyst carrier beads. 
However, as this work was carried out in 2D only, the results from this work have to be 
used with caution and compared to experimental work.
The patterns of breakage described above for the fragmentation mechanism were 
observed for normal impacts. An effect of the impact angle on the pattern of breakage 
of ceramic particles was observed by Salman et al (1995). They observed the same 
primary forms as shown in Fig. 2.11. However, the fragments were not as symmetrical 
and of equal size as for the normal impacts. In addition, a different pattern of breakage 
is observed, where a single chip is detached from the spherical particle, as shown by the 
high-speed recordings of the impact sequence of catalyst carrier beads in Fig. 2.12. The 
detachment of this chip is caused by the high tensile stress on one side of the impact
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area, resulting in a higher probability of crack initiation. The frequency of this new 
pattern increased with a decrease in the impact angle from 90° to 40°, where it reaches 
its maximum value.
Figure 2.12: High-speed sequence o f the impact o f a catalyst carrier bead on a 45° 
stainless steel target at about 33 m s'1. The impact sequences are read from top to 
bottom and from right to left. The recording rate was 105 fps.
2.4 Experimental methods for testing the strength of particulate solids
The strength of catalyst carrier beads is commonly determined in the industry by 
carrying out simple tests, either on individual particles (e.g. Ouwerkerk, 1991; van den 
Born et al., 1991; Deng and Ling, 1997; Li et al., 1999a) or on an assembly of particles 
(e.g. Ouwerkerk, 1991; Doolin et al., 1993; Li et al. 1999b). Each of these two types of 
test shows several advantages and disadvantages with respect to the other type. A 
description of the main techniques available for testing the strength or attrition of 
material with a brittle failure mode and of catalyst carrier beads in particular will be 
given in this section and the techniques will be compared.
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2.4.1 Single particle tests
The analysis of the failure mode showed the importance of determining the mechanical 
properties of the particles tested and also of the platens or target used. A nano­
indentation technique was used to measure the Young’s modulus, hardness and fracture 
toughness of the beads particulate solids down to the micron size (Bentham et ah, 1997). 
Stevenson and Hutchings (1996) measured the hardness and fracture toughness of ISO- 
212 pm glass ballotini after embedding them in a mounting resin and polishing them to 
reach the equatorial surface. They showed that there was a limit for measuring the 
fracture toughness of small particles based on the ratio of the crack length to the particle 
radius. If this ratio is larger than 0.7, the cracks become unstable and therefore the 
measurement of fracture toughness is not reliable. In addition, if the particle experiences 
almost no plastic deformation, the Hertz analysis of elastic contacts can be used to 
obtain Young’s modulus of the particles from the unloading curve of the indentation 
cycle (Couroyer et ah, 1999). However, for materials with a brittle failure mode, the 
presence of internal and surface flaws play an equally great role on the particle strength 
and breakage mechanism in comparison with the role of the mechanical properties.
The Side Crushing Strength (SCS) test or single particle compression test has been used 
extensively to measure the strength of the catalyst particles (Dart, 1974; Ouwerkerlc, 
1991; van den Born et ah, 1991; Deng and Ling, 1997; Li et ah, 1999a). Individual 
particles are compressed between two platens until a crack propagates through the 
particle leading in general to a catastrophic failure of the catalyst beads. This test is 
repeated for a large number of particles, depending on the heterogeneity of the sample, 
in order to obtain a statistically reliable distribution of the particle strength. The ASTM 
standard D4179 (1982), which is only applied to spheres and tablets, specifies the use of 
smooth and hard compressive surfaces and that the load should be increased at a uniform 
rate (4.4 - 44 N s '1). It also requires the pre-treatment of the sample of the catalyst beads 
before testing in air at 400 °C for not less that 3 h. The results are commonly given with 
an average value. However, in order to analyse the particle strength of catalyst particles,
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it is important to look not only at the mean values but also at the percentage of weak 
particles in the assembly. This is because the weakest particles break first in the 
industrial unit and generate quickly fragments and fines that could lead to operational 
problems in the reactors (Clause et al, 1998; Li et a l, 1999a). This technique has been 
also used extensively for other types of granules and particles: rocks by Hiramatsu and 
Oka (1966), limestone spheres by Kapur and Fuerstenau (1967), sand-cement and glass 
spheres by Arbiter et al (1969), sugar and corn starch granules by Danjo et al. (1994), 
alumina agglomerates by Briscoe et a l (1998), glass and aluminium oxide spheres by 
Salman and Gorham (2000). One alternative to the SCS test was developed by Kenter 
(1992). This modification is related to the platen on which the particle sits, and 
therefore to the number of contact points. In order to simulate best the strength of the 
catalyst beads within an assembly of particles, the particle to be crushed is loaded on a 
bed of stainless steel beads, which were glued together on a triangular' pitch. Gundepudi 
et a l (1997) showed experimentally that alumina particles loaded between two platens 
break at lower loads than the ones loaded on the bed of particles.
The last single particle test is the impact test, which involves the shooting of a particle 
against a rigid flat anvil, at a specified angle. This allows analysing the strength of the 
particles at high strain rates and simulating stresses that particles can experience in 
industrial units such as in open chutes, dilute-phase pneumatic systems, jet regions in 
fluidised beds or mills. Impact tests have been used to carry out a qualitative analysis of 
the particle breakage, where the fragments after each impact are collected and 
reassembled to analyse the breakage pattern (Arbiter et a l, 1969; Salman et a l 1995; 
Salman and Gorham, 2000). In addition, high-speed recording of the impact sequence 
can be used to follow the crack initiation and propagation within the particles (Cleaver et 
a l, 1993, Ning et a l, 1997, Andrews and Kim, 1999). This test is also used to carry out 
quantitative impact tests, where a large number of particles are individually impacted on 
a rigid target. The extent of attrition is measured by gravimetric analysis of the collected 
material or by laser diffraction for smaller particles (Papadopoulos and Ghadiri, 1996, 
Bentham et a l, 1997; Mebtoul et a l, 1996 and Lecoq et a l, 1999). Fatigue tests can 
also be carried out with this test device, by impacting again the unbroken particles after
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each test. The fatigue behaviour is very important, especially when testing catalyst 
carrier particles, due to the effect of internal or surface flaws on the particle strength. 
Despite the advantages this test provides, it has not been yet widely adopted by the 
catalyst industry to measure the strength of catalyst particles. One of the objectives of 
this work will be to compare the results obtained from the SCS and impact tests.
2.4.2 Multiple particle tests
A few multiple particle tests are currently used in order to analyse the attrition of 
particles. They are in general designed in order to simulate the mechanical stresses the 
particles could experience in the industrial units and therefore evaluate the extent of 
breakage. However, it is commonly observed that the mechanical stresses necessary to 
obtain some breakage are usually higher that the ones estimated within the industrial 
unit.
One of the mechanical tests is the Bulk Crushing Strength (BCS) test, which is often 
used in the catalyst industry to quantify the attrition of catalyst beads (Adams et a l, 
1974; Ouwerkerk, 1991; Danjo et al., 1994; Li et al., 1999b). A certain load or pressure 
is applied on top of the assembly of particles using a mechanical testing machine, and 
the extent of attrition experienced by the particles is measured after unloading. 
Ouwerkerk (1991) defined the Bulk Crushing Strength (BCS) as the pressure at which 
0.5 % of fines or fragments are produced. This parameter can be used to compare the 
strength of different samples. Danjo et al (1994) also measured the crushing strength of 
a mono-layer assembly of a known number of particles in order to compare this value 
with the single particle data.
The BCS test is relevant to the simulation of the particle breakage in a bed of particles 
under a compressive load. However, in many industrial cases such as moving bed 
reactors and silos, assemblies of particles are subjected to both normal and shear stresses 
and due to the limited movement of the particles within the BCS test, this test may not 
be optimum. Consequently, an annular shear cell was designed and used to measure the
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extent of attrition of particulate solids within failure zones, where the level of shear was 
very high (Paramanathan and Bridgwater, 1983a and 1983b; Ouwerlcerk, 1991; Neil and 
Bridgwater, 1994 and Ghadiri et al., 2000). An assembly of particles is normally loaded 
and then the bottom part of the cell is rotated to a certain angle while the top part 
remains fixed. This creates a linear velocity profile of the particles within the sample. 
The effect of shear deformation, normal load and strain rate is generally analysed with 
this test device.
Other categories of multiple tests are those reproducing the dynamic movement of 
particles in the industrial units. Laboratory scale fluidised bed are used in order to 
analyse the attrition of particles due to high mechanical stresses caused by velocity 
gradients and particle collisions, specially near the gas injection area. This type of test 
rig may also be used to simulate the breakage in pneumatic transport through pipes. 
Forsythe and Hertwig (1949) were the first to design a simple high-velocity air jet 
apparatus to analyse the particle attrition in fluidised bed systems. Important parameters 
are the ah' velocity, size and type of the distributor plate or air orifice and attrition time. 
Stein et al. (1998) shows the effect of the air distributor plate on the particle attrition 
within the fluidised bed. For a single distributor orifice, the attrition rate follows an 
exponential dependence on the gas velocity, whereas for a multi-orifice plate, the 
attrition is proportional to the excess gas velocity. Boerefijn and Ghadiri (1996) 
analysed the attrition of FCC particles in the jet region of fluidised beds. This involved 
a detailed analysis of the hydrodynamics of the particle flow in this region. At the top of 
the jet, the particles impact on the bulk of the bed around the jet, causing breakage. 
Boerefijn and Ghadiri (1996) suggested that this breakage process is similar to that of a 
single particle impacting on a rigid target. Therefore, a hydrodynamic jet model was 
used together with a single particle attrition model to constitute a model of attrition in 
the jet region.
Drum tests are widely used in industry for testing catalyst particles. Two types of drum 
tests can be found: basic drums and drums containing axial vanes to lift the particles. 
The drums may also contain steel or ceramic balls to increase the particle breakage. The
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American standard ASTM D4058 (1987) suggests that drum test can be used to evaluate 
the strength of tablets, extrudates and spheres. The extent of attrition experienced by the 
particles after a given residence time in the drum and rate of revolution is defined as the 
percentage of fines that goes through the 850 pm-sieve. A comparative analysis of the 
attrition of catalyst particles in a moving bed reactor, jet attrition test and modified drum 
test was carried out by Doolin et a l (1993). They showed that the modified drum test 
composed of two concentric rotating drums between which the sample of catalyst 
particles is placed simulated best the mechanical stresses experienced in the moving bed 
reactors.
Other attrition tests were developed to try to simulate the attrition of catalyst particles in 
industrial units. Deng and Lin (1997) used the Peter Spencer test, which is composed of 
a motor, a motor controller and an attrition tube mounted at about 80 mm from the 
centre. The tube rotates about an axis normal to the length at a controlled speed. The 
debris <500 pm generated within the sample after a 24 h test at a rotation speed of 60 
rpm are measured from which the attrition index is calculated. Bortzmeyer and Goimard
(1996) used a sieving test, to measure the attrition of agglomerates. The sample was 
placed above a 200 pm-sieve and shaken energetically. The amount of fines produced 
by the vibration-induced friction within the sample is recorded with time. The authors 
showed that this test gave the same ranking of samples in terms of attrition rate as the 
ones obtained with a rotating drum test or bulk crushing test.
2.4.3 Advantages and disadvantages of test methods
Multiple particle tests have the advantages that the mechanical stresses experienced by 
the particles in the industrial units can be easily simulated in a multiple particle test. In 
addition, this requires a large number of particles, which makes the test in general 
statistically reliable. Some of these tests also allow a quick measurement of the strength 
of a sample, e.g. the BCS test or the shear cell test. Others needs a very long test time 
but will require manpower only to load the sample and measure the extent of attrition.
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However, during a multiple particle test, it is difficult to control the uniformity of 
loading of all the particles in the samples. For example, the force distribution within a 
packed assembly is heterogeneous due to the formation of force chains (see Drescher 
and De Jong, 1972; Thornton and Barnes, 1986) and some particles in drums or fluidised 
bed tests may not experience attrition due to the presence of stagnant zones.
Therefore, in order to understand the particle breakage within the multiple-particle tests, 
it is first necessary to perform single particle tests, where the loading of the particles and 
breakage mode or pattern are well controlled. However, single particle tests are in 
general time and manpower consuming in order to obtain a statistically reliable measure 
of the strength of materials with a brittle failure mode. The information obtained for 
single particle tests has been used in order to relate single particle properties to bulk 
behaviour using simulations techniques (Ouwerkerk, 1991; Ghadiri and Ning, 1997; 
Boerefijn and Ghadiri, 1996).
In this work, both single and multiple particle tests have been used to measure the 
strength of catalyst carrier beads. However, a larger proportion of the work was 
dedicated to single particle testing due to the better control of the loading conditions 
obtained and also due the limitations in the number of particles obtained for the lab-scale 
samples. However an in depth analysis of the Bulk Crushing test was carried out by 
using the Distinct Element Analysis and the experimental single particle properties to 
simulate the bulk behaviour.
2.5 Particle reinforcement
Ceramic materials fulfil most of the properties required for catalyst carrier beads. 
However, the brittleness of ceramic materials may be an important problem in the 
industrial units due to the induced heterogeneity in their mechanical strength and the 
difficulty to control it. As their strength is generally determined by catastrophic crack
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propagation developed from an internal flaw, it can be expressed by the following 
fracture mechanics equation:
= VKC /c°'5 (2.1)
where am is the strength, 77 is a dimensionless constant dependent on the geometry of the 
flaw, stress field and sample, c is the flaw size and Kc is the fracture toughness. 
Therefore, in order to improve the mechanical strength of ceramic, two main options are 
available. The first is to decrease the size of the flaws within the sample. However, this 
is difficult to control. Moreover, even in a defect-free material, intrinsic features of the 
microstructure may act as flaw. Surface flaws may also be generated during the lifetime 
of the material and initiate fracture. The second option is to increase the fracture 
toughness of the material by incorporating a second phase at the micro structural level, 
which will act as a reinforcement material. The important microstructural parameters 
relevant to toughening are:
the shape of the second phase, e.g. particles, platelets, fibres,
the dimensions of the second phase constituents, i.e. diameter, length and aspect 
ratio,
the volume fraction of the second phase,
the orientation of the second phase constituents with respect to the loading direction, 
particularly for the use of fibres.
Several toughening mechanisms can be observed, based 011 the properties of the second 
phase. If short fibres or whisker are used as the second phase, the main mechanisms of 
toughening and the eventual failure of the composite are bridging, deflection, pull-out 
and microcracking. Bridging occurs by the interlocking of two fracture surfaces by the 
second phase. Deflection may be observed where the growing crack goes around the 
second phase particles or fibres, involving a change in the crack direction and stress 
distribution around the crack tip. This leads to a decrease in the stress intensity at the 
crack tip. Fibre pull-out occurs if  the stress near the crack tip can induce debonding of 
the matrix-second phase interfaces. A large amount of energy will be then consumed in 
this process that would otherwise be used to propagate the crack. These three
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mechanisms are therefore dependent on the interfacial strength. Finally, microcracking 
occurs due to thermal expansion mismatches between the two phases and can be 
considered as a toughening mechanism because of the extra energy necessary to create 
new surfaces. However, the microcracks produced will then lead to the material 
weakening.
Particulate toughening is in general less effective than short fibre toughening due to their 
lower aspect ratio. However particulate composites are easier to prepare, less expensive 
and eliminates the problems of health hazard encountered with whiskers or short fibres.
A new reinforcement material, i.e. platelets, has recently been used extensively as a 
substitution to whiskers. These are hexagonal monocrystalline a-alumina platelets 
produced by Elf Atochem (France) with a narrow particle size range, elongated shape 
and low thickness, which produce a high aspect ratio of about 12. This allows a particle 
reinforcement, which is comparable to the one obtained with short fibres despite the 
differences in the failure mechanism. The dissociation of platelets joined side by side 
along their large faces and perpendicular to the tensile axis requires a high level of local 
deformation in the matrix for the failure to occur (Massardier et al, 1995). The 
comparison of the use of fibres and platelets shows that the platelets may offer a higher 
level of reinforcement than the fibres. Lagrange and Colomban (1998) and Gautier et al. 
(1997) showed that an increase in the fracture toughness is observed with the 
introduction of 20 to 30 wt. % platelets. Crack deviations at the platelet-matrix 
interfaces were observed by Lagrange and Colomban (1998) as well as crack 
propagation through the platelet in the case where the bonding of the platelets to the 
matrix is very strong. Gautier et al. (1997) showed that the platelets tended to remain 
agglomerated within the matrix despite a preliminary dispersion of the platelets in 
demineralised water containing a small percentage of deflocculant agent. Gautier et al.
(1997) suggested that the reinforcement of the beads by the presence of this type of 
platelets could be improved if they were more uniformly dispersed within the beads.
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In this work, the effect of reinforcement on the strength of catalyst carrier beads will be 
analysed. The main reinforcement material used is alumina aggregates. However, 
preliminary tests were also carried out with short fibres and platelets.
2.6. Conclusions
Ceramic materials show a brittle failure mode. This is characterised by no or limited 
plastic deformation before breakage which occurs by the fast propagation of cracks 
within the particle. The strength of the material with a brittle failure mode is function of 
the presence of flaws, from which cracks can propagate. An analysis of the fracture 
surfaces can aid understanding of the causes of particle breakage.
The determination and description of the failure mode of the catalyst carrier beads and 
the patterns of breakage observed for similar materials provide a good introduction to 
the work that was carried out in this project on catalyst carrier beads. Two main 
mechanisms of breakage were observed. Chipping, which is characterised by the 
removal of small chips or platelets from the impact zone, occurs mainly at low impact 
velocities or low compressive loadings. Fragmentation is observed at higher levels of 
stress, i.e. when the impact velocity is increased, and it occurs by the formation of 
meridian or oblique fracture planes. The size of the fragments formed during 
fragmentation depends on the stress intensity within the particle, and therefore on the 
impact velocity or crushing load. As the stresses increase, the size of the fragments 
decreases and their number increases.
In order to analyse the particle strength in detail, single particle tests are preferred in 
comparison with the multiple particle tests due to the well-defined loading condition of 
the sample. However, these types of test are time consuming and often not statistically 
reliable due to the heterogeneity of the strength of materials with a brittle failure mode. 
Multiple particle tests allow the simulation of similar stresses to the ones encountered by 
the catalyst beads in the industrial units. However, the loading of the sample is
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generally non-uniform in a multiple particle tests. Therefore, these multiple tests can 
only be used to compare the strength of different samples. They will not allow an in- 
depth analysis of the particle breakage.
In order to increase the strength homogeneity, ceramic materials are reinforced using a 
second phase, with properties that help to deviate or stop the propagation of cracks. This 
reinforcement has been applied to the catalyst carrier beads in this work in order to try to 
reduce the width of their strength distribution.
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CHAPTER 3: TEST METHODOLOGY AND MATERIALS
3.1 Introduction
The work reported in the literature shows that the strength of catalyst particles is 
generally measured either by compression of a small number of individual particles 
between two platens (e.g. Li et a l, 1999a) or by mutiple particle tests such as the 
Bulk Crushing Strength test (e.g. Ouwerkerk, 1991; Li et a l, 1999b) or by a version 
of a drum test (e.g. Deng and Lin, 1997). The bulk tests do not allow an in depth 
understanding of the reasons that lead to the particle breakage and cannot simulate 
reliably the stresses the particles experience in the industrial units. Therefore, a 
methodology that combined single particle and multiple particle tests was developed 
in this work in order to simulate the particle breakage. This methodology will be 
described in this chapter. The samples to which this methodology was applied will 
also be described in detail in this chapter. This involves an analysis of the structure 
of the samples, of the presence of macro-defects and the determination of their 
mechanical properties in order to provide the fundamental information to compare 
their strength and to analyse the effect of manufacturing process parameters on the 
particle strength.
3.2 Methodology for testing the catalyst carrier beads
The methodology used in this project to characterise the strength of individual 
particles is presented briefly in this section. Each test method will then be explained 
in detail in the following chapters together with the results.
In order to develop robust and reliable procedures for the evaluation of the 
mechanical strength of the catalyst carrier beads used in the reforming units, it is first 
necessary to get a good understanding of the particle structures at microscopic and 
macroscopic levels. This was carried out by the Institut Frangais du Petrole 
(Vernaison). An analysis of the macro-defects such as air bubbles and cracks that are 
generated during the manufacturing process is also necessary in order to understand
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and explain the particle strength results. This was carried out by analysing particle 
cross sections under a scanning electron microscope at Institut Fran9ais du Petrole 
(Rueil). The results from this sample characterisation are given in this chapter. In 
addition, an analysis of the material properties, i.e. Young’s modulus, hardness and 
fracture toughness was carried out on a limited number of samples. These data are 
needed for the simulation of the bulk behaviour.
The single particle strength is usually tested in industry by slow compression of an 
individual particle between two platens. This is relevant for example when particles 
are experiencing slow compression in silos and moving bed reactors and is used to 
analyse the results from bulk tests. Therefore, this method is also used in this work 
to characterise the particle strength distribution of each sample.
For damage in the lift systems, where the particle may experience impact damage 
due to the repeated low-velocity impact collisions, and during the loading of the 
catalyst beads in the moving bed reactors, the single particle impact test is the most 
appropriate test method to evaluate the impact attrition of the catalyst particles. This 
allows • both qualitative and quantitative analysis of the particle breakage
in the velocity range 2 to 25 m s' , as well as repetitive tests in order to analyse the 
fatigue effect on the particle strength. The results obtained from both test methods 
on individual particles will be compared and discussed, especially when different 
samples are compared. The most appropriate method for testing this type of catalyst 
beads will be suggested.
Once the characterisation of the single particle properties under quasi-static and 
impact loading were completed, two types of bulk tests were carried out on a limited 
number of samples. One test is the Bulk Crushing Strength (BCS) test, where an 
assembly of particles is normally loaded in a confined space and the level of attrition 
is related to the maximum load applied to the bed. The second one, which is more 
relevant to the stresses experienced by the particles in a moving bed reactor, is the 
shear- test, where a bed of particles is subjected to a known level of normal and shear 
strain in an annular shear- cell device. The attrition experienced by the particles is by 
both surface wear and fragmentation.
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However, the analysis of the particle breakage within an assembly is complicated due 
to the heterogeneous force propagation through the bed and the complexity of the 
attrition processes. In this work, the Distinct Element Analysis was used to simulate 
the bulk behaviour based on the single particle properties, i.e. Young’s modulus, 
hardness, fracture toughness and crushing strength distribution, that have been 
determined experimentally.
This approach, which is summarised in Table 3.1, provides a fundamental base for 
understanding and improving the strength of catalyst beads. The methodology 
described in this section has been used first to determine the strength of the 
commercial sample. The work has then been extended to several samples that have 
been prepared by Institut Fraii9ais du Petrole 011 a lab or pilot plant scale with the 
objective of investigating the effect of macroporosity, filler, drying, surfactant and 
macro-defects 011 the particle strength:
• Macroporosity
The presence of macropores in the catalyst carrier beads is desirable for the 
reforming reactions mainly to enhance the transport of the reagent within the particle 
and towards the micropores. The macropores are formed by introducing an organic 
phase in the suspension before shaping, creating an oil-in water emulsion. During 
the calcination step, the organic phase is burnt off and macropores in the range 0.1 to 
15 pm remain. Macropores are a type of closed pores, which are only accessible via 
micropores (5 to 20 mn) or mesopores (20 to 100 run). Only one type of organic 
phase was used in this work. Catalyst carrier beads with three concentrations were 
prepared in order to check the influence of macroporosity on the particle strength. 
Work on porous ceramics has shown that the strength decreases with an increase in 
the porosity (Knudsen, 1959). In addition, the size of the pores may have a direct 
effect 011 the material strength (Liu, 1997). Therefore it is necessary to optimise this 
parameter in order to optimise the particle strength.
• Filler (type and amount of filler)
An alumina filler can be introduced into the emulsion before shaping in order to 
create a composite material and therefore enhance the particle strength by stopping
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or reducing the propagation of cracks. The filler commonly used for the commercial 
sample is recycled calcined y-alumina powder, which has been crushed to obtain the 
average particle size required, i.e. 1 to 7 pm in diameter. Tests were carried out in 
order to analyse the effect of the filler concentration on the particle strength. In 
addition, the performance of this type of filler was checked against two other types of 
filler: hexagonal alumina platelets and alumina micro-fibres.
• Drying procedure
The drying procedure is expected to play an important role on the particle strength of 
the sample as the ratio of the initial to final particle volume can be as high as 5 for 
these beads. This volume reduction will lead to build-up of stresses within the 
particles that could lead to the formation of microcracks and therefore to a 
weakening of the beads. The samples were commonly dried at 100°C for 16 h. In 
this work, some samples were also slowly dried at 30°C with a relative humidity of 
70% to analyse the effect of the drying procedure on the particle strength.
• Presence of surfactant
A small quantity of surfactant is normally added to the suspension together with the 
organic phase to create a uniform and stable emulsion, leading to the generation of 
macropores after calcination. However, the presence of surfactant alone may have a 
beneficial aspect on the particle strength by reducing the surface tension of the liquid 
and therefore decreasing the magnitude of the thermal stresses generated during the 
drying phase. A few sample were therefore prepared without organic phase but with 
a small concentration of surfactant.
• Presence of macro-defects.
Two main types of macro-defects were observed within the samples of catalyst 
carrier beads: air bubbles and cracks. The presence of these defects made sometimes 
the analysis of the other parameters difficult due to differences between the samples 
compared in terms of macro-defects. Therefore, a separate analysis of the effect of 
cracks and air bubbles was carried out.
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3.3 Definition of the test materials
3.3.1 Test materials
During this project, the mechanical strength of about 25 different samples of catalyst 
beads was tested in order to analyse the effect of the process parameters listed above 
on the particle strength. This includes the commercial sample and lab-scale samples 
prepared by the Institut Fransais du Petrole (IFP). For clarity the samples are 
identified by the process parameters used in their preparation, i.e. filler (F), 
macroporosity or organic phase (M), drying process (D) and surfactant (S). 
Therefore, the name code selected is: FxMxDxSx, where x refers to the level of the 
four parameters. For example, the commercial sample is F2M1D2S2 because it has a 
level 2 of filler, a level 1 of macropores, a level 2 of drying and a level 2 of 
surfactant. The eleven samples considered in this dissertation are presented in Fig.
3.1, with a representation of the corresponding levels. The significance of the levels 
used for these four process parameters is given in Table 3.2.
Table 3.2: Equivalence o f the levels in terms o f filler, organic phase 
(macroporosity), drying procedure and surfactant level.
Levels Filler
(%)
Organic phase 
(%)
Drying 
(°C - humidity)
Surfactant
(level)
0 0 0 - 0
1 15 4 30 + high 1
2 30 9 100 + normal 2
In addition, in order to analyse the effect of filler on the particle strength, two 
additional samples were prepared with different types of filler. One was prepared 
with alumina microfibres following the same process as for F1M0D2S2 and the 
other with alumina hexagonal platelets following the same process as for 
F1M1D2S2. These two samples will be referred respectively as “Fibres” and 
“Platelets”. These thirteen samples are summarised in Table 3.3, where the bead 
density and the volume of macropores are also given when available. Finally, one 
lab-scale sample, i.e. F1M1D2S2, was reproduced using a pilot plant in order to
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produce sufficient quantities to carry out some bulk tests and confirm the results 
obtained from the single particle tests. This sample will be referred as the “pilot 
plant” sample in Chapter 5.
Scanning electron micrographs of the three different filler materials can be observed 
in Fig. 3.2. Figure 3.2 (a) shows one large and irregular' particle of more than 10 pm 
in diameter with few large pores. This is the filler material normally used in the 
manufacturing process of the beads. The monocrystalline pure a-alumina platelets 
were obtained from Elf Atochem (France) and are shown in Fig. 3.2 (b). They have a 
regular hexagonal shape and the sample shows a narrow distribution in terms of 
particle diameter and thickness, being about 10 to 15 pm and 1 pm, respectively. 
This gives an aspect ratio (diameter to thickness) higher than 10. Finally, the 
alumina micro-fibres were obtained from the Carborundum Company Ltd (England) 
and are shown in Fig. 3.2 (c). The fibres have a rather heterogeneous diameter within 
the sample, varying from 1 pm to 20 pm. In addition, the sample contains few 
‘shots’, which are non-fibrous particles from which the fibres are spinned, as seen in 
Fig. 3.2 (d). The presence of these shots led to problems in the preparation method 
due to an uncontrolled and fast increase in the sol viscosity. The interaction of the 
filler particles with the matrix can be observed in Appendix B.
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Table 3.3: Details o f the samples o f  catalyst carrier beads studied in this work 
(Particle size: 1.7-2.0 mm).
Samples
Parameter levels Properties
Filler Macro­
porosity
Drying Surfactant Grain density 
(g/cnr3)
Macroporosity
(cm3/g)
F0M0D1S0 0 0 1 0 1.33 0
FOMOD1S1 0 0 1 1 - 0
F0M0D2S1 0 0 2 1 1.31 0.04
F0M0D2S2 0 0 2 2 1.28 0.03
F1MOD1SO 1 0 1 0 1.24 0.03
F1M0D2S2 1 0 2 2 - 0
F1M1D1S2 1 1 1 2 1.11 0.16
F1M1D2S2 1 1 2 2 1.13 0.14
F2M0D2S0 2 0 2 0 1.23 0.07
F2M1D2S2 2 1 2 2 1.10 0.15
F2M2D2S2 2 2 2 2 0.97 0.29
Platelets
(-F1M1D2S2)
1 1 2 2 0.11
Fibres
(-F1M0D2S2)
1 0 2 0 0
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(a) :r n  set l. 'rn IT -r m
Figure 3.2: Scanning electron micrographs o f the filler particles used in this 
project: (a) particles, (b) platelets, (c) fibres and (d) shots from the fibre sample.
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3.3.2 Structural properties of the catalyst carrier beads
3.3.2.1 External surfaces o f the catalyst carrier beads
The smoothness of the external surfaces of the beads is a function of the bead 
composition. If filler particles are incorporated into the beads, the surfaces will be 
rougher due to the average size of the filler particles being considerably bigger than 
the alumina powder used in the preparation of the beads. The external surfaces of 
the beads prepared with no filler, a level 1 of filler and a level 2 of filler can be 
observed in Fig. 3.3. These three samples were prepared without macropores. 
Therefore, the only difference in their structure is due to the filler material generating 
surface asperities.
(a) Sample with a level 2 of filler (b) Sample with a level 1 of filler
(c) Sample with no filler 
Figure 3.3: Effect o f the level o f filler particles on the smoothness o f the particle 
external surface.
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The cavities that can be seen on the external surface o f the sample in Fig. 3.3 (a) are 
air cavities. It can be seen that a decrease in the filler concentration leads to a 
slightly smoother external surface. However, a real change in the bead surface is only 
observed when no filler is added to the particle as seen for the sample in Fig. 3.3 (c), 
leading to a smooth surface with a small grain size presumably equal to the pseudo 
boehmite primary particles used. The filler particles on the external surfaces of the 
sample in Fig. 3.3 (b) can be further observed at higher magnifications in Fig. 3.4. It 
can be seen that the filler particles are not uniform in size, i.e. in the range 2 to 20 
pm. In addition, it can be seen at the highest magnification (Fig. 3.4 (c)) picture that 
the filler particles are porous, as previously observed in Fig. 3.2 (a). It has been 
suggested that the filler particles are recycled material from the catalyst support after 
milling to obtain the required size (Procatalyse, 1999). This is valid for all the 
samples prepared using either the lab-scale or pilot plant. However, the filler 
particles used in the industrial sample F2M1D2S2 did not have any macropores and 
the above statement may not be applicable to it.
The external surface of the sample prepared with a level 1 o f platelets as filler 
material can be observed in Fig. 3.5 (a). The alumina platelets are uniformly 
distributed on the particle surface, creating a particle external surface similar to the 
one observed for beads prepared with particle filler. However, at a high 
magnification, due to the difference in the filler shape, the particle surface 
morphology is different and the presence o f platelets close to the bead’s external 
surface creates small cracks and asperities, as shown in Fig. 3.5 (b).
(a) mag. 150 (b) mag. 500
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(c) mag. 1500
Figure 3.4: SEM views o f the surfaces of the catalyst beads containing a level 1 of 
particle filler at the magnification of 150 (a), 500 (b) and 1500 (c).
(a) mag. 65 (b) mag. 1100
Figure 3.5: SEM views o f the surfaces o f catalyst beads containing platelets at the 
magnification of 65 (a) and 1100 (b).
The external surfaces o f the sample containing alumina fibres can be observed in Fig. 
3.6. Each bead within this sample shows a very rough external surface, due to the 
presence of large fibres that can cross the external surface as in Fig. 3.6 (b). This 
non-homogeneity in the particle surface may be due to a poor level o f mixing of the 
fibres with the pseudo-boehmite solution. This is because the fibres tend to 
aggregate together. The presence o f an aggregate near the bead surface leads to a 
rough area as shown in the middle of the bead in Fig. 3.6 (a) with cracks that have 
formed, presumably during the drying stage because of the particle contraction.
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(a) mag. 50 (b) mag. 250
Figure 3.6: SEM views o f the surfaces of catalyst beads containing alumina fibres at 
the magnification of 50 (a) and 250 (b).
3.3.2.2 Internal structures o f the catalyst carrier beads
The internal structure of the catalyst carrier beads as a function of the volume o f 
macroporosity is shown in the Scanning Electron Micrographs in Fig. 3.7. It can be 
seen that when no organic phase is introduced into the emulsion, the structure of the 
beads is very homogeneous and fine (see Fig. 3.7 (al)). The structure of sample 
F0M0D2S2 is also shown at a high magnification o f in Fig. 3.7 (a2). When some 
organic phase is introduced, a macroporosity is formed as it can be seen in Fig. 3.7 
(b-c). The macropores are in the size range 0.1 to 5 pm and an increase in the level 
o f organic phase leads to an increase in the number of pores but not to an increase in 
the pore size. The macropores are formed from the disappearance of the oil droplets 
during the calcination stage. The pores are in general well distributed over the 
particle volume leading to a uniform macro structure.
60
(al) level 0 (mag.: 1000) (a2) level 0 (mag. 25000)
(b) level 1 (mag.: 1000) (c) level 2 (mag.: 1000)
Figure 3.7: The macrostructure o f the catalyst carrier heads as function of the level 
o f organic phase introduced in the emulsion.
The particle structure in terms o f the distribution of the filler particles in the matrix 
and their bonding to the matrix was also analysed by Scanning Electron Microscopy. 
Micrographs of a fracture surface of samples F2M1D2S2 and F1M0D2S2 are shown 
in Fig. 3.8. A wider range of micrographs showing the interactions between filler 
particles and matrix is given in Appendix B.
(a) Sample F2M1D2S2 (mag. 1000)
(b) Sample F1M0D2S2 (mag. 1000)
Figure 3.8: Structure o f the catalyst carrier beads prepared with particle filler.
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In Fig. 3.8 (a), the filler particles used in sample F2M1D2S2 are in general brighter 
than the matrix and the filler particle size can be up to 20 |Lim. Around the filler 
particles, microcracks can be observed. These were probably produced during the 
drying stage due to the generation of thermal stresses. In addition it can be observed 
that the filler particles do not have macropores. The sample F1M0D2S2 was 
prepared with no macropores but with a level 1 of filler particles (Fig. 3.8 (b)). This 
is the best sample for viewing of the filler particles because the matrix has no 
macropores and therefore the filler particles, which are in this case porous can be 
easily seen. The filler particles are fairly uniformly distributed on the section. Weak 
bonding of the filler to the matrix can also be observed as well as microcracks next to 
the filler particles (see Fig. 3.8).
The structure of the sample prepared with alumina platelets is shown in Fig. 3.9. 
Observations by SEM show that the platelets are fairly uniformly distributed over the 
particle section, they are very often agglomerated and therefore, groups of platelets 
can be observed on the section. This creates a loose density (see Fig. 3.9 (a) and (b)). 
However, the way the platelets are randomly packed enables them to act as a crack 
deviator or terminator from any direction, leading to a possible increase in the 
particle strength despite of the looser structure.
The structure of the beads prepared with alumina micro-fibres is shown in Fig. 3.10. 
The size, both the diameter and length, of the fibres is rather heterogeneous, as 
observed in Fig. 3.2 (c). Therefore, the packing and distribution of the fibres within 
the beads is not homogeneous. It can be seen on the scanning electron micrographs 
of a fractured surface that the fibres are roughly randomly distributed within the 
samples (see Fig. 3.10 (a)). In Fig. 3.10 (b), one large fibre has been pulled off 
during the particle fragmentation. Figures 3.10 (b) and (c) show debonding between 
the fibres and the matrix.
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(a) mag. 1000
(b) mag. 2000
Figure 3.9: Structure o f the catalyst carrier beads prepared with platelets.
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(a) mag. 250
(b) mag. 1000
(c)mag. 10000
Figure 3.10: Structure of the catalyst carrier heads prepared with alumina fibres.
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3.3.3 Statistical analysis of macro-defects
During the particle strength analysis of the first few samples, it was observed that 
some of the samples presented large macro-defects such as cracks and air bubbles. 
These defects could have a direct effect on the particle strength and therefore limit 
the reliability of the analysis of process parameters such as macroporosity and filler 
on the particle strength.
A qualitative analysis of the macro-defects on polished sections of beads embedded 
into resin was carried out on all the samples analysed in this work by the microscopy 
department of Institut Fran9ais du Petrole (Rueil). For each sample, about 30 beads 
were embedded in a resin. After the resin had set, the samples were polished in order 
to get a large sectional area. The samples were then analysed by SEM at low 
magnification and an analysis of the number and size of the defects was carried out. 
Two types of defects were observed: cracks that can be relatively small and inside 
the beads or large cracks that run across the bead and air bubbles of diameter up to 
150 jam. For each sample, typical micrographs of bead sections are shown in 
Appendix C. The frequencies of bead sections with air bubbles and cracks were also 
calculated for each sample as an indication of the sample quality in terms of 
macrodefects. The frequency is defined as the fraction of the number of bead 
sections with macrodefects, i. e. air bubbles or cracks. These frequencies and the size 
of the defects are reported in Table 3.4. and Fig. 3.11. The differences between the 
samples tested in terms of macro-defects can be relatively high. Some samples do 
not show any cracks or air bubbles such as samples F1M1D1S2, or have a large 
frequency of beads with cracks and bubbles such as sample F2M0D2S0. In general, 
samples with no macropores show a higher frequency of beads with air bubbles. The 
presence of a small amount of filler seems also to reduce the formation of bubbles. 
In addition, a slower drying seems to prevent the formation of many cracks within 
the particles.
In order to analyse the effect of air bubbles, it is important to look not only at the 
frequency of beads with air bubbles in a sample, but also at the number of air bubbles 
per section and at their average size. It is expected that smaller air bubbles will have
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a smaller effect on the particle strength. A distribution graph of the number of air 
bubbles observed per section of particles is shown in Fig. 3.12 for the seven samples 
with the highest frequency of beads with air bubbles except for the sample ‘Fibres\ 
The ordinate in Fig. 3.12 represents the cumulative percentage of beads with a 
number of air bubbles below or equal to the abscissa of the data point. The two 
samples with the lowest frequency of beads with air bubbles among these seven 
samples, i.e. F0M0D2S1 and F1M0D2S2 (Fig. 3.11 (a)), are also the samples with 
the lowest number of air bubbles per section, which is shown by a distribution curve 
located on the left hand side of Fig. 3.12. These samples are therefore expected to be 
less affected by the air bubbles than a sample like sample F2M0D2S0 with a very 
high frequency of beads with air bubbles and with a high average number of bubbles 
per particle section.
Table 3.4: Results o f  the analysis o f  macro-defects by SEM (IFP Rueil).
Samples Frequency of 
beads with air 
bubbles
Air bubble 
number and size
Frequency 
of beads 
with cracks
Crack size
F0M0D1S0 0.95 <10 per section,< 100 pm 0 -
F0M0D1S1 0.05 - 0 -
F0M0D2S1 0.48 <8 per section, <100 pm 0.72 -
F0M0D2S2 0.87 <20 per section, <100 pm 0.22 Large
F1M0D1S0 0.95 <14 per section, < 100 pm 0.1 -
F1M0D2S2 0.27 <4 per section, <150 pm 0.07 -
F1M1D1S2 0 0 0 0
F1M1D2S2 0 - 0.1 -
F2M0D2S0 1 <40 per section, <150 pm 0.41 Deep & large
F2M1D2S2 0.03 <2 per section, <100 pm 0.07 Large
F2M2D2S2 0.78 <18 per section, >100 pm 0.78 Micro-cracks 
>100pm
Platelets
(-F1M1D2S2)
0.1
Fibres
(-F1M0D2S2)
1 10-200 pm Microcracks
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Figure 3.11: Number frequency o f  beads with air bubbles (a) and cracks (b) within 
the section analysed by SEM.
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Number of air bubbles
Figure 3.12: Cumulative distribution of the number of air bubbles per particle
section for the seven samples with the highest frequency of air bubbles, except for 
sample ‘Fibres’.
Large frequencies o f beads with air bubbles and large numbers of air bubbles per 
section were observed for beads prepared without filler material. These air bubbles 
can be larger than 100 pm for some samples and therefore are expected to have a 
direct effect on the particle strength. Samples prepared with a high organic phase 
concentration such as F2M2D2S2 leads to the formation of many elongated 
microcracks, presumably formed during the drying phase. The highest frequency of 
cracks is also observed for the samples prepared without filler material. A detailed 
analysis of the effect of these macro-defects on the particle strength is given in 
Chapter 4.
The analysis of the presence o f air bubbles was easier and more reliable than the one 
for cracks. This is due to the uncertainty in the crack origin: the crack could have 
been generated during the manufacturing process or during the particle embedding 
and polishing. Internal cracks will be considered always as original ones. However, 
for meridian cracks or cracks that reach the bead boundary, the time of formation is 
uncertain. The analysis o f the resin near the crack area can help in the understanding 
of the crack origin. If the crack propagates through the resin, we can assume that it 
has developed during the polishing. Otherwise, we can assume that the crack was
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initially inside the particle, especially if resin can be seen in the crack opening.
Some micro-cracks are observed in samples with a high macroporosity such as 
sample F2M2D2S2. The microcracks are linked with the macroporosity, which may 
be elongated in some cases and leads to the formation of microcracks.
The analysis of the samples of catalyst beads by SEM provides a base for the 
analysis of their mechanical strength, which will be a function of the process 
parameters such as filler, macroporosity but also a function of the macro-defects.
Therefore, during the analysis of the process parameters on the particle strength, 
frequent reference will be made to Table 3.4 and to the micrographs in Appendix C.
3.3.4 Mechanical properties of the catalyst beads
In order to improve our understanding of the breakage mechanisms of the catalyst 
beads and take measures to strengthen them, it is necessary to have a basic 
knowledge of their mechanical properties. Therefore, the relevant mechanical 
properties, i.e. modulus of elasticity, hardness and fracture toughness, were 
determined for a limited number of samples. In addition, these data were necessary 
as input data for the simulation work and related calculations. The modulus of 
elasticity, which is indicative of the stiffness of the body, was measured by quasi­
static compression of the beads between two platens. From the unloading part of the 
load-displacement curve and applying the Hertz analysis of elastic contacts, the 
modulus of elasticity can be calculated (Couroyer et a l, 1999). The hardness, which 
is a measure of the material resistance to local plastic deformation, was measured by 
quasi-static indentation using a Vickers indenter. The fracture toughness, which is a 
measure of material resistance to crack resistance, was measured also by quasi-static 
indentation using a Vickers indenter. Details of these two techniques are given by 
Couroyer et al. (2000a) and a summary is also given in Appendix D.
The material properties of four samples including the commercial sample 
F2M1D2S2, are given in Table 3.5. It can be observed that a change in the filler 
concentration without changing the level of macropores does not lead to significant changes in 
the three mechanical properties measured in this work. The differences between the
70
two sets of values for samples F1M1D2S2 and F2M1D2S2 are within the range of 
error of the test. This result was expected for the modulus of elasticity and the 
hardness as the filler material used in the preparation of the beads is supposed to 
have the same mechanical properties as the matrix and was bonded to it during the 
manufacturing process. The presence of filler within a ceramic material is expected 
to lead to an increase in the fracture toughness, the filler material helping to stop or 
deviate cracks propagating within the particles. In our case, the comparison between 
a level 1 and a level 2 of filler shows similar values of fracture toughness (see 
samples F1M1D2S2 and F2M1D2S2). However, by comparing this set of four data 
with the ones from two other samples also tested but not included within the main 
samples (but their data given in Appendix D), it can be seen that the presence of filler 
leads to a slight increase in the fracture toughness as compared with samples 
prepared without filler.
Table 3.5: Mechanical properties o f  a selected number o f samples o f  catalyst beads.
Samples E (GPa) H (GPa) Kc (MPa, m )
F1M1D2S2 11.5 (3.2) 0.36 (0.05) 0.19(0.06)
F2M0D2S0 14.4 (3.8) 0.51 (0.13) 0.26 (0.05)
F2M1D2S2 11.0(1.7) 0.32 (0.07) 0.18(0.02)
F2M2D2S2 8.9 (1.7) 0.21 (0.04) 0.15(0.03)
In parallel, an increase in the level of macropores leads to a considerable decrease in 
the values of the three mechanical properties measured. Previous work on ceramic 
materials also showed an important effect of the porosity on the particle strength and 
Young’s modulus. ICnudsen (1959) and Spriggs (1961) showed an exponential 
relationship between Young’s modulus and porosity. In addition, Liu (1997) 
underlined the importance of the larger pores as compared to smaller ones in terms of 
their effect on the particle strength. The sets of data shown in Table 3.5 together 
with the data from two other samples tested but not reported in the main body of the 
dissertation were fitted to an exponential curve of the type:
E=E0e te (3.1)
where in this case E is the Young’s modulus of the porous material, Eo is the 
property of the nonporous material, b is an empirical constant and s is the volume
71
fraction of the pores. The results obtained with the three material properties are 
shown in Appendix D.
3.4 Conclusions
A methodology was developed in this work to analyse the strength of the catalyst 
beads and to explain the reasons why attrition occurs in the industrial units. This 
methodology was designed based on the brittle failure mode of the beads observed 
during primary tests of breakage under quasi-static and impact testing and based on 
the inventory of mechanical stresses experienced by the particles in the reactors.
The material properties, i.e. Young’s modulus, hardness and fracture toughness were 
measured for a limited number of samples in order to have an estimation of their 
values for comparison with other materials reported in the literature and for computer 
simulations. However, the differences in the material properties will not explain the 
differences in the extent of breakage observed because the breakage of materials with 
a brittle failure mode depends mainly on the presence of defects and flaws from 
which cracks can propagate. It is therefore important to have a detailed analysis of 
the defects within the particles. The qualitative analysis of particle sections carried 
out by SEM provides a good base for the comparison of the samples and for an 
objective analysis of the effect of process parameters on the mechanical strength. 
However, it may be difficult to establish a clear effect of some of the process 
parameters such as drying and filler content due to differences in the type of defects 
within the samples. These defects were difficult to control during the manufacturing 
method. In addition, the frequencies of cracks and air bubbles measured in this work 
are not statistically reliable due to the number of beads tested, as limited by the time 
necessary to test each bead. The detection of cracks within the catalyst beads was 
difficult due to the elongated shape of the cracks, the random choice of orientation 
for polishing, and the risk of generating cracks during the polishing. However, this 
information is in general very valuable despite limitations in its statistical reliability 
and will be referred to in the next chapter, where the strength of catalyst carrier beads 
is measured by single particle testing.
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CHAPTER 4: SINGLE PARTICLE TESTS
4.1 Quasi-static testing
4.1.1 Introduction
The Side Crushing Strength (SCS) test, also known as the Brazilean test, is a single 
particle test method for determining the strength of a particle when it is normally 
loaded at two diametrically opposed contact points (ASTM D4179, 1982; Ryu and 
Saito, 1991). Individual beads are compressed between two rigid platens using a 
mechanical testing machine at a slow constant cross-head speed until its breakage is 
detected by a sudden drop in the load. The maximum force before breakage is 
defined as the SCS value.
This test has been applied to the determination of the crushing strength of a wide 
range of materials. Spherical particles are usually preferred as an analysis of the 
stresses within the particle under compression can be derived in order to understand 
the particle breakage (Shipway and Hutchings, 1993a, 1993b); Kapur and 
Fuerstenau, 1967). However, work on extrudates (van den Born et a l , 1991) and on 
irregular pieces of rocks (Hiramatsu and Oka, 1966) shows that this method could 
also be applied to the analysis of the strength of irregular shape particles. The shape 
of the fragment produced will be a function of the material properties of the particle 
and of the platens used for compression (Shipway and Hutching, 1993a, 1993c).
The test method described here is a conventional test used in industry to measure the 
particle strength. Hutchings (1986) suggested that the crushing strength of catalyst 
pellets could be used as a diagnostic test for catalyst mechanical strength. It is 
relevant for situations in the industrial processes in which compression and slow 
shearing deformation prevails. The typical load-displacement curve and the eventual 
sudden drop in the load obtained when testing catalyst carrier bead is shown in Fig.
4.1, where three particles of the commercial sample, F2M1D2S2, have been 
normally loaded imtil they broke. Particle 1 shows a slightly different behaviour 
than the other two samples as a first crack propagated into the particles but the
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remaining fragments kept bearing the load until a second crack propagated through 
the remaining material. However, the behaviour shown by particles 2 and 3 is the 
most common one as the fragments tend to fly away from the platens due to the high 
level of strain energy accumulated before crushing. The load-displacement curves 
shown here are typical for the brittle failure mode. In order to collect the fragments 
after crushing for microscopic analysis, the testing area must be enclosed. Gilvarry 
and Bergstrom (1961) used a chamber filled with congealed gelatine in order to 
collect the glass fragments after compressive loading. In this work the fragments 
were collected using a cardboard that was rolled around the platens to enclose the 
testing area.
Particle 1 
Particle 2 
A Particle 3
0.01 0.02 0.03 0.04 0.05 0.06 0.07
Displacement (mm)
0.08
Figure 4.1: Typical load-displacement curves during the SCS test o f catalyst heads.
The fragments obtained after the breakage of the three particles from sample 
F2M1D2S2 for which load-displacement curves were given in Fig. 4.1, are shown in 
Fig. 4.2 (a, b, c). In the majority of the tests, the breakage occurs in the form of 3 or 
4 fragments and fines. Salman and Gorham (2000) reported that the preferred 
pattern of breakage of spherical particles of alumina under compression is into a 
hemisphere and two quadrants. They explained that the particles first experienced a 
meridional failure and that a secondary crack is then initiated from one of the two 
hemispheres. In addition, one or two cones of weak material from the contact
74
regions were often observed. The deviation from the meridional fracture as observed 
in Fig. 4.2, may be explained by the presence of flaws within the catalyst particles 
from which the cracks will preferably initiate and propagate. The comparison of the 
micrographs in Fig. 4.2 (a, b, c) shows that an increase in the crushing load leads to 
an increase in the number o f fragments and fines produced, as also observed by 
Salman and Gorham (2000) for aluminium oxide spheres.
(c) (d)
Figure 4.2: Optical micrographs o f the debris o f  F2M1D2S2 beads after an SCS test 
(a, b, c) and after a MPCS test (d). The particle in the micrograph (a) broke at 13.6 
N, the one in the micrograph (b) broke at 22.1 N  and the one in the micrograph (c) 
broke at 42.9 N.
The SCS test is also called the indirect tensile test as a tensile failure is obtained from 
a compressive loading. An estimation of the maximum tensile stresses within the 
particle under compression, o% can be calculated using Eqn. 4.1 (Hiramatsu and Oka, 
1966):
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where Pf is the load at the point of breakage and D is the particle diameter. This is 
also called indirect tensile stress as it is based on a crushing test^. Prior to the testing 
of the beads, the diameter of each particle is measured by optical microscopy. A 
numerical analysis of Shipway and Hutchings (1993 a, 1993b) shows that under 
compressive loading, a spherical particle is subjected to significant tensile stresses 
inside the sphere on the principal vertical axis of the system and on the surface of the 
sphere. The magnitudes and locations of the peak values of these stresses depend on 
the size of the contact area and therefore on the material properties of the test particle 
and platens. Shipway and Hutchings (1993a, 1993b) showed that Equation 4.1 
cannot give a reliable estimation of the tensile stresses. Therefore, this equation 
should only be used for an approximation of the tensile stresses when samples of 
different sizes are to be compared.
Repeating the SCS test on a large number of particles reveals that particles of a 
similar’ size and from the same batch break under different loads. This feature, 
together with the brittle failure mode suggest that fracture initiates at small defects in 
the beads such as microcracks or cavities, which are distributed on the surface and 
within the particles (van den Born et a l , 1991). Observations of the beads by 
microscopy clearly indicate the presence of these flaws. Therefore, a large number 
of particles should be tested to obtain reliable information on the particle strength 
distribution and a mean value is not sufficiently informative to characterise the 
particle strength of a sample due to the large scattering of the data. It has also been 
established that the crushing strength data of brittle materials do not follow a 
Gaussian distribution, but follow rather a Weibull distribution (Weibull, 1939, 1951). 
Weibull proposed the weakest link concept of brittle fracture, which means that the 
most serious flaw controls the strength. He assumed that the probability of failure 
P(o) of an element of volume containing a single flaw at a stress a  or less is given 
by:
P (a ) = l-ex p (A o -* ) (4.2)
f qy is also called crushing stress in Chapter 5.
where j30 is the scale parameter, which describes the strength and m is the Weibull 
modulus, which describes the width of the strength distribution. This is called the 
two-parameter Weibull distribution, and it can be put into the following form in 
order to determinate the Weibull parameters:
In In -  miner + In j30 (4.3)
U -P (c r )
The values of stresses obtained from the SCS test can be sorted in their ascending 
order, oy and the probability of failure corresponding P(cr) can be estimated by:
P (a i) = —  (4.4)
n + 1
where i is the sequential number of the data and n is the total number. The Weibull 
parameters can then be obtained by linear regression between oj and P(crf The 
larger is the Weibull modulus, the narrower is the crushing strength distribution. The 
Weibull analysis for the samples tested is presented in Section 4.1.6.
4.1.2 Effect of the number of particles
A large number of particles need to be tested to obtain a reliable crushing strength 
distribution. Preliminary tests were carried out with the industrial sample in order to 
determine the number of particles that need to be tested. For this purpose, SCS tests 
with up to 400 particles of the commercial sample F2M1D2S2 were performed. For 
each 50 particles tested, the mean and standard deviation values were calculated and 
the strength distribution plotted.
Table 4.1: Effect o f the number o f particles tested on the mean and standard 
deviation o f the crushing strength o f sample F2M1D2S2.
N° of particles 50 100 150 200 250 300 350 400
Mean (N) 39.22 38.61 39.00 38.34 38.37 38.77 38.35 38.04
St. Dev. (N) 11.48 11.67 11.71 11.91 11.75 11.92 11.84 11.71
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It can be seen in Table 4.1 that the mean SCS value is fairly constant between the 
200 and 400 particle tests. In addition, Figure 4.3 shows that the crushing 
distribution depends on the number of particles tested, but that the distribution is 
more stable when at least 200 particles are tested. Therefore, it was decided to test a 
minimum of 200 particles per sample in order to obtain a statistically reliable 
crushing strength value. During the research programme, new samples o f catalyst 
carrier beads with a higher average value and also a broader distribution were 
produced. Therefore, the reliability of the crushing distribution obtained by testing 
about 200 particles may not be sufficiently high to characterise and compare the 
strength of different samples.
■  100 particles
■  200 particles 
0  300 particles
■  350 particles
■  400 particles
25 35 45
Crushing Load (N)
Figure 4.3: Effect o f  the number o f  particles tested on the crushing strength 
distribution on sample F2M1D2S2.
Complementary tests were carried out with a sample that presents a higher crushing 
strength, i.e. sample F0M0D1S0. Up to 1500 particles were tested and the effects of 
the number of particles on the average and standard deviation values and on the 
crushing strength distributions are shown in Table 4.2 and Fig. 4.4 respectively. The 
average and standard deviation values are very similar when the number of particles
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tested is increased. However, it seems that for 500 or more particles tested, the 
crushing strength distribution is slightly more statistically reliable.
Table 4.2: Effect o f the number o f particles tested on the mean and standard 
deviation o f the crushing strength o f  sample F0M0D1S0.
N° of particles 250 500 750 1000 1250 1500
Mean (N) 84.16 83.45 82.95 82.84 82.27 82.46
St. Dev. (N) 31.01 29.62 29.80 29.88 29.73 29.47
30
25
Q>
<S 10 0.
5 
0
Figure 4.4: Effect o f  the number o f particles tested on the crushing strength 
distribution on sample F0M0D1S0.
4.1.3 Effect of particle size
The effect o f the particle size was studied for the commercial sample F2M1D2S2 
using the SCS test. About 200 particles of each of the following two sieve cuts 1.7- 
2.0 mm and 2.0-2.36 mm were tested to determine their crushing load. The particle 
diameter was measured by optical microscopy prior to testing. Therefore, the 
crushing stress was also calculated based on Eqn. 4.1. The results of crushing load 
and stress are shown in Table 4.3 and Fig. 4.5.
a  250 particles 
G 500 particles 
D 750 particles 
s  1000 particles 
■ 1250 particles 
0 1500 particles
0-20 20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180
Crushing load (N)
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Table 4.3: Effect o f particle size on the crushing load and stress values o f  sample 
F2M1D2S2.
Sample
F2M1D2S2
Load (N) Stress (MPa)
Average St. Dev. Average St. Dev.
1.70-2.00 mm 38.38 12.01 10.00 3.13
2.00-2.36 mm 42.35 15.40 8.10 2.94
30
25
= 20 a>JLOw
CD
® 15 o>
3c03
2  10a>a.
□ 1.70-2.00 mm 
H 2.00-2.36 mm
15
ill
(a)
35 45 55
Crushing load (N)
35
30
25
O 20 
CD a> o>$ 15
10
(b)
7 9 11
Crushing Stress (MPa)
Figure 4.5: Effect o f particle size on the crushing load (a) and on the crushing stress 
(b) distributions.
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It is observed that large particles break under higher loads than small particles. 
However, the opposite trend is observed for the stress, i.e. large particles break under 
lower stresses than the smaller ones. This conclusion does not agree with the work 
of Takahashi and Suzuki (1985) who show that the crushing load of spherical 
granules increases proportionally with the particle diameter to the power of two. 
This would mean that the crushing stress is independent of the particle size. 
However, the results obtained here agree with the works of Danjo et a l (1994) and 
ICnudsen (1959) on the strength of brittle particles. Small brittle particles tend to 
break under higher stresses than the larger ones. The probability of the presence of 
internal defects and their size decreases as particle size is reduced because defects 
such as cracks, flaws and discontinuity are smaller in a smaller particle.
4.1.4 Effect of the loading rate
The rate of loading can have a direct effect on the individual particle crushing 
strength. Ryu and Saito (1991) reviewed the effect of loading rate on the crushing 
strength of brittle particles. About 20-nun diameter glass, quartz and limestone 
spheres were crushed using loading rates varying from 0.1 to 109 N s’1. A small 
increase in the crushing strength was observed with an increase in the loading rate 
due to a higher material resistance to deformation. In addition, they observed that 
the number of fragments produced increased with an increase in the loading rate. 
Benbow and Brigwater (1987) suggested that the crosshead speed had no effect on 
the crushing strength data of alumina extrudates when it remained below 5 mm 
min"1. This contradicts slightly the results reported by Ryu and Saito (1991). 
However, the loading rates used by Benbow and Bridgwater (1987) are within the 
lowest range of loading rates reported by Ryu and Saito (1991), where no clear effect 
of the loading rate could be suggested. Shipway and Hutching (1993a, 1993c) also 
reported that the strain-rate seems to have a limited effect on the strength and 
patterns of breakage of brittle materials.
In this work, the effect of an increase in the crosshead speed on the crushing strength 
of the catalyst particles was checked by carrying out SCS tests on about 200 particles 
of the commercial sample F2M1D2S2 at a cross-head speed of 0.5 mm min"1 and 5
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nun m ill1 (equivalent to strain rates of 0.0044 s'1 and 0.044 s '1, respectively). The 
results are shown in Fig. 4.6, where the cumulative strength distributions are 
presented. It can be seen that the two curves are almost overlapping and the median 
values are equal to 36.5 N for both crosshead speeds. The small differences in the 
two curves are expected to be reduced if the number of particles per test is increased. 
Therefore, it can be concluded that the effect of crosshead speed on the particle 
strength is negligible within the range tested.
Load (N)
Figure 4.6: Effect o f  the crosshead speed on the cumulative strength distribution 
(SCS) o f  the commercial sample F2M1D2S2.
4.1.5 Effect of the loading system
Unlike a SCS test where the beads are individually compressed between two rigid 
platens, the particles in an assembly subjected to a compressive loading are loaded at 
several contact points. The tensile stress and crushing strength distributions are then 
different from that developed in an SCS test as analysed by Schrans (1994) and 
Gundepudi et al. (1997). Therefore, it is appropriate to slightly modify the test in 
order to simulate the bulk crushing behaviour of particles based on single particle 
properties. Here, a bead is compressed between a platen and an assembly of stainless 
steel beads of nearly the same size. This is referred to as a Multiple Particle Crushing
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Strength (MPCS) test. The stainless steel beads are arranged in a triangular pitch and 
glued together to a support plate (Renter, 1992). The particle is loaded at a constant 
cross-head speed, here 0.5 mm min'1, until its breakage is detected by a sudden drop 
in the load. As for a SCS test, a large number of particles should be tested to obtain a 
statistically reliable strength distribution. The results from the testing of about 200 
particles of three samples with different macroporosity: F2M0D2S0, F2M1D2S2 and 
F2M2D2S2 under compressive loading are presented in Table 4.4. The crushing 
strength distributions obtained for the three samples are presented in Fig. 4.7.
Table 4.4: MPCS values for samples F2M0D2S0, F2M1D2S2, F2M2D2S2.
MPCS values F2M0D2S0 F2M1D2S2 F2M2D2S2
Average (N) 33.0 38.9 16.4
Standard deviation (N) 8.9 9.2 2.9
Min. (N) 11.7 8.5 7.1
Max. (N) 57.8 56.8 25.2
It can be observed that the average values are very close to the ones obtained for the 
SCS test. However a comparison of the two crushing strength distributions shows 
that the MPCS distribution is shifted towards higher loads. A particle that is 
compressed between a platen and a bed of particles tends to break under higher loads 
than when does between two platens. Taking as example F2M1D2S2, about 26.2 % 
of the particles have a crushing strength below 30 N in a SCS test and this is reduced 
to 20.5 % in a MPCS test. Therefore, particles loaded in a bed of particles will be 
slightly more resistant to breakage under compressive loading than particles loaded 
between two platens. This is confirmed by Gundepudi et a l (1997), who showed by 
numerical analysis that as the number of contact points increases, the maximum 
internal tensile stress decreases.
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Figure 4.7: Distribution o f  crushing strengths o f  F2M0D2S0 (a), F2M1D2S2 (b) and 
F2M2D2S2 (c) obtained by SCS testing and MPCS testing.
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The shape of the fragments of a bead after an MPCS test differs from the one 
observed after a SCS test. A bead after an MPCS test can be seen in Fig. 4.2 (d). 
The beads usually break into five fragments; one is the central part of the bead. The 
other four fragments are in the shape of orange segments. A slight flattening can be 
observed on the top of the beads, which is due to plastic deformation and 
densification at the contact area with the platens as observed by Kapur and 
Fuerstenau (1967) and Arbiter et al. (1969).
4.1.6 Weibull analysis
As shown in the previous sections, the brittle fracture nature of the particle failure 
leads to a large scatter in the data. Weibull analysis has been widely used to 
determine the reliability of ceramics and show their strength distribution. The 
method explained in section 4.1.1 was applied to the samples tested in this work in 
order to model the crushing strength distribution of the samples. The analysis was 
carried out with the crushing stress values derived using Eqn. 4.1 to eliminate the 
effect of particle size on the strength distribution.
The Weibull coefficient and the fitting coefficient obtained from the least square 
regression are presented in Table 4.5 for the 13 samples tested. Examples of the 
Weibull distribution are shown in Fig. 4.8 (a) for one sample for which the Weibull 
fitting is very good, i.e. sample F0M0D1S1 and in Fig. 4.8 (b) for one sample for 
which the fitting is worst, i.e. sample *Platelets’. In Fig. 4.8, the data points are the 
actual experimental points and the line is the fitting obtained by the Weibull analysis. 
For some of the samples, the fitting can be improved significantly when few of the 
weakest particles are not taken into account in the analysis. This is shown in Fig. 4.8
(b), where the curve “Weibull 2” was obtained from the Weibull analysis after the 
removal of the two weakest particles.
Ideal samples, which have no cracks and cavities, have a narrow crushing strength 
distribution and therefore a high Weibull modulus. The samples with the highest 
Weibull modulus are samples F1M1D1S2, F2M2D2S2, ''Platelets’ and F1M1D2S2. 
These four samples were all prepared with some filler material. This is already an
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indication that the presence o f filler may lead to a more homogeneous sample in 
terms of strength.
Stress (MPa)
(a)
Stress (MPa)
(b)
Figure 4.8: Weibull fitting o f the crushing stress data obtained for sample 
F0M0D1S1 (a) and sample ‘Platelets ’ (b).
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Table 4.5: Weibull coefficients obtained for the crushing stress distributions o f  the 
samples o f  catalyst beads.
Samples F0M0D1S0 F0M0D1S1 F0M0D2S1 F0M0D2S2 F1M0D1S0
in 2.96 3.88 2.41 2.46 4.4
Po (MPa) 1.46x1 O'4 1.55x10'° 5.99xl0"4 1.22xlO'J 6.13x10'°
Fit. (%) 99.0 99.2 98.8 95.7 97.6
Samples F1M0D2S2 F1M1D1S2 F1M1D2S2 F2M0D2S0 F2M1D2S2
m 4.09 7.13 5.19 3.95 2.77
Po (MPa) 2.15x1 O'5 5.36xl0'y 1.31x10'° 4.66x1 O'4 1.50xl0'J
Fit. (%) 97.9 89.5 87.2 99.2 97.7
Samples F2M2D2S2 1Platelets ’ 'Fibres1
m 6.75 6.51 4.99
Po (MPa) 1.62x1 O'3 7.54x1 O'8 4.86x1 O'4
Fit. (%) 97.1 83.9 94.83
4.1.7 Effect of the manufacturing process on the SCS values
4.1.7.1 General comparison o f the SCS data
The influence of several parameters of the manufacturing process of the beads such 
as the amount of filler, the volume of macropores, the presence of surfactant and the 
drying process, on the crushing strength distribution was analysed. The crushing 
strength values are summarised in Table 4.6 for the 13 samples tested. The 
following values are tabulated:
- Mean,
Standard deviation,
- Minimum,
Maximum,
- % of particles with a crushing strength below 15 N,
% of particles with a crushing strength below 25 N,
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. . . , . , . , Max -  Min
- Deviation coefficient, which is equal t o ---------------,
Average
Weibull modulus,
- Air bubble frequency,
Crack frequency.
A comparison of the crushing strength values will be carried out based on the 
average values, deviation coefficient and percentage of weak particles.
4.1.7.1.1 Analysis based on the average values
A ranking of the samples in terms of the average crushing strength values is 
presented in Fig. 4.9, where vertical error bars have been added to the plot to show 
the width of the two standard deviations. The following observations were drawn based 
on the analysis of Fig. 4.9. The samples with the highest average crushing strength 
are samples prepared with no filler and no macropores, i.e. F0M0D1S1, F0M0D2S1 
and F0M0D1S0. The sample that was slowly dried has a higher particle strength 
than the other samples and a smaller or similar standard deviation than the samples 
dried at high temperature. The addition of a small amount of filler, e.g. as in samples 
F1M1D1S2 and FI MOD ISO, leads to a small decrease in the average particle 
strength but also to a consistent decrease in the standard deviation, which means that 
the strength distribution is narrower. The two samples, ‘Platelets’ F1M1D2S2) and 
F1M1D2S2, have similar crushing strength values, both in terms of average and 
standard deviation. These two samples were prepared with some macropores and a 
level 1 of filler, which was different for the two samples. Therefore it shows that the 
particulate and platelet fillers have a similar effect on the crushing strength of the 
particles. The four weakest samples have an average crushing strength varying from 
13 N to 39 N. The sample with the highest average within these four samples is the 
commercial sample, F2M1D2S2, prepared with a level 2 of filler and an average 
volume of macropores. The other three samples contain either a high level of filler 
and no macropores such as F2M0D2S2, or a high level of filler and a high volume of 
macropores such as F2M2D2S2, or some alumina fibres as reinforcement material 
such as ‘Fibres'. This last sample is the weakest sample under quasi-static loading.
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Figure 4.9: Ranking o f the samples o f  catalyst particles in terms o f average values.
Therefore, it may be concluded from this analysis that the strongest particles under 
quasi-static testing are those with no filler, no macropores and slowly dried. The 
weakest particles are obtained with a level 2 of filler or with a high volume of 
macropores. The presence of a small amount of filler leads to a reduction in the 
particle strength but also to a decrease in the width of the distribution.
4.1.7.1.2 Analysis based on the deviation coefficient
For most of the samples, the difference between the minimum and maximum values 
is very large, often larger than the mean value. This means that the mean values are 
not sufficiently informative to describe the crushing strength of the samples. 
Therefore the crushing strength distribution based on 10 N load ranges are presented 
in Appendix E for the 13 samples tested.
In cases where the spread of the data is wide, it is often useful to evaluate the data in 
terms of the deviation coefficient. This is defined by the ratio of the difference 
between the maximum and minimum crushing strength values to the mean value (Li 
et al., 1999a). This parameter, which has been calculated for each sample and shown
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in the last column of Table 4.6, gives information on the deviation of the data for 
each sample. The higher the value of the coefficient, the broader the range of 
data. It can be seen in Table 4.6 that this coefficient is below or equal to 1 only for 
two samples, i.e. F1M1D2S2 and F2M2D2S2. These two samples were prepared 
with some filler material and macropores. The sample prepared with a level 1 of 
filler have an average crushing strength more than twice higher than the sample 
prepared with a level 2 of filler. It seems that the presence of filler helps in 
producing a uniform sample but a too large amount leads to a considerable decrease in 
the average value. The sample with a deviation coefficient above 2 is F0M0D2S2, 
which was prepared with no filler and no macropores. Therefore, the presence of 
macropores may also lead to a more homogeneous sample in terms of particle 
strength and to a decrease in the width of the crushing strength distribution.
It may be concluded again that the concentration of filler has an effect on the width 
of the strength distribution, and among the concentrations tested here, the level 1 of 
filler leads to the narrowest distribution.
4.1.7.1.3 Analysis based on the percentage of weak particles
In order to analyse the particle strength of catalyst particles, it is important to look 
not only at the mean values but also at the percentage of weak particles in the 
assembly. This is because the weakest particles break first in the reforming unit and 
generate quickly fragments and fines that could lead to operational problems in the 
reactors (Clause et al., 1998; Li et al., 1999a). Clause et al. (1998) suggested that the 
percentage of catalyst particles having a crushing strength lower than 14.7 N should 
be minimised. An estimation of the maximum force the particle may experience in 
the industrial units was carried out and is described in Appendix A. This estimation is 
based on the calculation of the maximum load a particle may experience when it is at 
the bottom of a storage vessel of about 10 m height, or when it impacts on a bed of 
particles during the loading of the catalyst particles into the moving bed reactor from 
a height of 6 m. This is equivalent to an impact velocity of about 10 to 11 m s '1, and 
therefore to an impact force of 10 to 12 N. The velocity at which the particles may 
impact in the pneumatic system is estimated to be in the range from 1 to 2 m s' 1
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(Capelle, 1996). The values of forces estimated from these industrial conditions are 
therefore relatively low. The toughest condition could be an impact force of about 
12 N during the loading of the catalyst. This value is in general lower than the 
weakest crushing strength values measured for the samples tested. In order to 
account for the fatigue effect and the wide range of stresses experienced by a particle 
during its lifetime in the industrial unit, this minimum value should be increased 
considerably. Critical values of 15 N and 25 N were considered here. Therefore, 
two more rankings of the samples have been prepared by looking at the fraction of 
particles having a crushing strength below 15 N and 25 N. This is shown 
respectively in Fig 4.10 (a) and (b).
It can be seen in Fig. 4.10 (a) that five samples have no particle breaking at a load 
lower than 15 N and three additional samples have less than 1 % of particles that 
break with a load below 15 N. Due to the average number of particle tested, i.e. 
about 200, this means that one or two particles broke at a load below 15 N. These 
samples were prepared either with no filler or a level 1 of filler and with no 
macropores or a level 1 of macropores. In addition, the best samples according to 
this criterion are the samples that were slowly dried. The samples with the highest 
percentage of weak particles are the samples prepared with either a level 2 of 
particulate filler or with alumina fibres such as in sample ‘Fibres’ which is the 
weakest sample. The commercial sample F2M1D2S2 has 2.5 % of its particles that 
break under a load of 15 N.
Slightly different ranking is obtained when the percentage of particles having a 
crushing strength below 25 N is considered. It can be seen in Fig. 4.10 (b) that only 
one sample, i.e. F0M0D1S1, has no particle with a crushing strength below 25 N. 
This sample was prepared with no filler, no macropores and was slowly dried. Two 
samples, i.e. F 1M 1D 1S2 and ‘Platelets \  have 1 % or less of these weak particles. 
These two samples were prepared with a level 1 of filler and level 1 of volume of 
macropores. The samples with the highest percentage of particles with a crushing 
strength below 25 N are the same as in Fig. 4.10 (a). The commercial sample 
F2M1D2S2 has 14 % of its particles that will break under a load of 25 N.
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(a) Percentage below 15 N
(b) Percentage below 25 N 
Figure 4.10: Comparison o f the samples o f catalyst carrier beads based on the 
percentage o f particles that break under a load smaller than 15 N (a) and smaller 
than 25 N  (b).
Therefore, from these two rankings, it can be seen that the samples with the smaller 
amount of weak particles are those prepared with either no filler and no organic
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phase, or with a level 1 of filler and level 1 of volume of macropores. The samples 
with the larger amount of weak particles are those prepared with either a level 2 of 
filler and no macropores such as F2M0D2S0, or with a level 2 of filler and 
macropores such as sample F2M2D2S2, or with alumina fibres as filler material such 
as sample ‘Fibres’. The comparison of the results obtained with the strongest 
samples and the commercial sample shows that a substantial improvement can be 
obtained with little changes in the composition and manufacturing process of the 
particles.
4.1.7.2 Analysis o f  the effect o f  manufacturing process parameters on the crushing 
strength values
In the previous section, the ranking of the different samples has already led to some 
conclusions on the effect of some manufacturing process parameters, e.g. filler and 
macropores on the crushing strength values. The aim of this section is to try to 
provide a deeper analysis of the particle strength by analysing the effect of one 
parameter, while trying to keep the other parameters constant. The four following 
parameters were analysed: the presence of surfactant, filler, macropores and the 
drying procedure. This analysis will also conclude a statistical analysis of defects 
within the particles, i.e. air bubbles and cracks. This has been carried out by SEM 
and the results were presented in Chapter 3 and are summarised in Table 4.6.
4.1.7.2.1 Effect of the surfactant
Surfactant is normally added only when an organic phase is introduced in the 
suspension to generate macropores in the particle. However, a small percentage of 
surfactant may induce a decrease in the thermal stresses generated during the 
shrinking of the particles and therefore a decrease in the amount of micro-craclcs 
formed during the drying phase. The effect of the addition of surfactant on the 
particle strength was analysed for samples prepared with no macropores.
The comparison of samples F0M0D2S1 and F0M0D2S2 prepared respectively with a 
level 1 and 2 of surfactant shows that a large concentration of surfactant seems to
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lead to a decrease in the particle strength. However, when the data of macro-defects 
obtained for these two samples are taken into consideration, it can be suggested that 
the weakening of the sample with a higher level of surfactant may be due to the 
higher levels of air bubbles in the particle. The presence of surfactant also seems to 
reduce the frequency of cracks within the particles. However, the measurement of 
cracks by the SEM technique is more difficult and less reliable than the detection of 
air bubbles. The comparisons of samples F0M0D1S0 and F0M0D1S1 prepared 
respectively with a level 0 and 1 of surfactant shows that a higher strength is 
obtained for the sample prepared with a level 1 of surfactant. However, this sample 
also shows no macro-defects as compared to the high frequency of air bubbles 
produced within sample F0M0D1S0.
Therefore, it can be seen that the presence of a small concentration of surfactant 
seems to increase the particle strength and to reduce the amount of air bubbles 
produced in the beads. However, this effect should be analysed further.
4.1.7.2.2 Effect of the filler
Tests were carried out with samples containing no filler, a level 1 of filler and a level 
2 of filler in order to analyse the effect of the filler concentration on the particle 
crushing strength and to suggest an optimum level of concentration. In addition, 
three types of filler were used as described in Chapter 3, where micrographs of the 
different types of filler were given.
The comparison of sample F1M1D2S2 (level 1) with sample F2M1D2S2 (level2) 
shows that an increase in the percentage of filler leads to a decrease in the average 
crushing strength value and to an increase in the percentage of weak particles and in 
the standard deviation. SEM analysis of polished surfaces shows that both samples 
have no air bubble and a limited number of cracks. An increase in the amount of 
filler from no filler to a level 1 of filler leads to similar or smaller average values but 
to a decrease in the standard deviation and in the number of weakest particles. This is 
shown by comparing samples F0M0D2S2 (level 0) and F1M0D2S2 (level 1). 
However, when the concentration of filler is further increased to a level 2 (sample
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F2M0D2S0), the average crushing strength decreases. A decrease in the particle 
crushing strength with an increase in the filler concentration was also observed when 
comparing samples F0M0D1S0 (level 0) and FI MOD ISO (level 1).
The comparison of sample F1M1D2S2 (level 1 particles) with sample 4Platelets’ 
(level 1 platelets) and sample ‘Fibres ’ (level 1 fibres) shows that the particulate filler 
and the platelets are better than the fibres to reinforce the alumina matrix. This is 
due to a better bonding of the platelets and particles to the matrix than for the fibres 
as shown in Fig. 3.10, and due to the presence of non fibrous and large particles 
referred as ‘shots’ within the filler material.
Therefore, it seems that the presence of filler can help in reinforcing the beads. 
However, the concentration of filler should be optimised and the results of the tests 
suggest that a level 1 is the best concentration among the ones tested for this type of 
catalyst particles.
4.1.7.2.3 Effect of the volume of macropores
The effect of particle porosity on particle strength has already been analysed by 
quasi-static compression (Takahashi and Suzuki, 1985; Kapur and Fuerstenau, 1967; 
Liu, 1997). According to Takahashi and Suzuki (1985) the crushing strength 
decreases with an increase in the porosity following an exponential relationship. Liu
(1997) also analysed the effect of pore size on the strength of ceramic particles by 
introducing a porosifier of different sizes. He showed that for porosity below 70 %, 
the particles with smaller pores were more resistant than the ones with larger pores.
In this work, the macropores are generated during the drying stage by burning the 
organic phase introduced in the alumina suspension before shaping. Tests were 
carried out with samples with three different volumes of macropores from 0 to 0.29 
cm3/g. The effect of the macroporosity on the crushing strength can be analysed by 
comparing samples F1M0D2S2 (level 0) with sample F1M1D2S2 (level 1). An 
increase in the volume of macropores leads to a decrease in the average crushing 
strength. However, the effect of macropores may be smaller than actually shown due
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to the presence of more air bubbles in sample F1M0D2S2. The air bubbles are 
expected to weaken the particles in general and the effect of air bubbles on the 
particle strength will be analysed independently in a next section.
The comparison of three samples prepared with different levels of macropores but a 
constant level 2 of filler particles, i.e. F2M0D2S0 (level 0), F2M1D2S2 (level 1) and 
F2M2D2S2 (level 2) shows that an increase from a level 0 to a level 1 of macropores 
leads to higher crushing strength values. However, a further increase from a level 1 
to a level 2 leads to a decrease in the crushing values. This shows that an average 
volume of macropores seems an optimum value for samples with a level 2 of filler. 
However, this result may be explained by the presence of big air bubbles both in 
samples F2M0D2S0 and F2M2D2S2. Moreover, the comparison of samples 
F1M0D1S0 (level 0) and F1M1D1S2 (level 1) shows that there is no effect of the 
volume of macropores on the average crushing strength values but on the width of 
the strength distribution, which is wider for the sample with no macropores. This 
means that this sample contains both weaker and stronger particles than the sample 
with macropores. In addition, SEM analysis showed that sample FI MOD ISO 
contains some air bubbles whereas sample F1M1D1S2 presents no defect. 
Therefore, it may be expected that without these air bubbles, FI MOD ISO could in 
fact be stronger than the sample with a higher volume of macropores, i.e. 
F1M1D1S2.
The effect of the volume of macropores on the crushing strength values is not 
straightforward due to the interactions between the volume of macropores and the 
presence of air bubbles. These large air bubbles are expected to have a greater effect 
on the particle strength than the macropores. However, it can be suggested that there 
is a slight decrease in the particle strength with an increase in the volume of 
macropores as observed in the literature. In addition, a lower frequency of air 
bubbles is observed when macropores are introduced into the particles. This may be 
directly linked with the surfactant concentration, as observed previously.
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4.1.7.2.4 Effect of the drying procedure
Drying of the catalyst carrier beads was performed at 100°C (standard, level 2), and 
at 30°C under high humidity (slow, level 1) in order to reduce the thermal stresses 
generated during the drying phase which may lead to the formation of large cracks 
within the catalyst particles.
The comparison of two samples prepared with no filler and no macropores 
F0M0D2S1 (100°C) with F0M0D1S1 (30°C) shows that a decrease in the drying rate 
leads to an increase in the crushing strength and to a decrease in the percentage of 
weak particles. In addition, SEM analysis showed that the sample that was slowly 
dried at 30°C contained fewer cracks than the sample dried at higher temperature. 
On the other hand, the sample dried at 100°C (F0M0D2S1) contains a larger number 
of air bubbles, which could also explain the lower crushing strength values obtained 
with this sample.
The comparison of samples FI MOD ISO (30°C) and F1M0D2S2 (100°C), both 
prepared with a level 1 of filler and no macropores, also shows an increase in the 
crushing strength values with a decrease in the drying temperature. Moreover, the 
slowly dried sample, i.e. FI MOD ISO, has a higher frequency of air bubbles, which 
means that the possible gain with a slower drying is reduced.
The results obtained from these two sets of samples can be further confirmed by 
comparing samples F1M1D1S2 (30 °C) and F1M1D2S2 (100 °C), both prepared 
with a level 1 of filler and of macropores. Both samples show no macro-defects, and 
therefore the gain in the particle strength obtained for the sample that is dried at 30°C 
is mainly due to the decrease in the drying temperature.
It may therefore be concluded that a decrease in the drying temperature has a 
beneficial effect on the crushing strength value, leading to a more homogeneous 
strength and less weak particles within the sample. This is also shown in the SEM 
analysis by a decrease in the number of cracks within the slowly-dried particles.
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4.1.7.2.5 Effect of the macro-defects
Air bubbles and cracks are expected to have a considerable effect on the particle 
strength. It was shown in the previous sections that the effect of the production 
parameters such as drying, filler, macroporosity were difficult to estimate due to the 
presence of different defects within the samples.
The comparison of sample F0M0D1S1 (no air bubbles) with sample F0M0D2S1 (14 
out of 25 beads with bubbles) shows that an increase in the number of air bubbles 
within a polished section leads to a decrease in the average strength. It also leads to 
an increase in the deviation coefficient, which means that the particle strength is 
more heterogeneous within the sample that contains air bubbles. The number of air 
bubbles per bead is also very important. The comparison of sample F0M0D2S1 that 
has a small number of bubbles per bead with sample F0M0D2S2 that has a higher 
number of air bubbles per bead shows that a higher number of air bubbles per bead 
leads to a decrease in the average crushing strength value.
The presence of large cracks is also expected to lead to a wide strength distribution, 
as the strength of the particle will be dependent on the orientation of the cracks with 
respect to the loading direction. If the crack plane is parallel to the loading direction, 
it will propagate and lead to the particle splitting at a low normal load. However, if 
the crack plane is perpendicular to the loading direction, the crack will have a 
negligible effect on the particle breakage and the average crushing strength will be 
higher. This was tested by selecting particles with large visible cracks from the 
sample F2M0D2S0 and positioning the particles before test so that the crack was 
either perpendicular or parallel to the platens. The results are presented in Fig. 4.11.
The crushing loads are reduced when the particle is loaded with the cracks parallel to 
the loading direction. This suggests that the presence of cracks within the sample 
will lead to an increase in the width of the strength distribution.
99
50 
45ID 0)
O 40
E
2. 35
® 30 
o
n  25
0
<t> 20D)
1  15 a>
S a.
5 
0
Figure 4.11: Effect o f the crack orientation with respect to the platens on the particle 
crushing strength distribution o f  sample F2M0D2S0.
4.1.8 Discussion and conclusion
The SCS test was used extensively to measure the strength of the commercial 
sample, F2M1D2S2 and to analyse the effect of test parameters such as the strain rate 
or the loading system and particle properties such as their size or macroporosity on 
the strength distribution. Tests were carried out to optimise the number of particles 
necessary to obtain a statistically reliable strength distribution and crushing strength 
values. A relatively small number o f particles have been used in the work on 
crushing of single particles reported in the literature. The ASTM standard D4179 
recommends the use of a sample size of 50 to 200 particles. However, this number 
depends on the spread of the crushing strength data, as shown in this work. An 
increase in the particle size leads to an increase in the crushing load, but to a decrease 
in the crushing stress. This is because the breakage of brittle particles depends on the 
presence of flaws in the system and the probability of finding large flaws is higher in 
a bigger volume (Weibull, 1939). Weibull model was used to fit the crushing 
strength data. This model fits empirically the probability o f failure under a given 
level of load or stress. No loading rate effect was observed on the crushing strength 
values within the range tested. However, an increase in the crushing load and a 
change in the fragment shape were observed when the bottom platen was replaced by 
a bed of stainless steel beads, as numerically predicted by Gundepudi et al. (1997).
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Therefore, the results of this modified version of the test were used in the simulation of the 
bulk behaviour of catalyst carrier beads under compressive loading.
The comparison of the crushing strength values obtained from the range of samples 
tested show that a change in the manufacturing process parameters can lead to a big 
change in the crushing strength values. An increase in the average crushing strength 
by a factor of 3 as compared to the commercial sample was obtained with a sample 
prepared with no macropores, no filler and slowly dried. Several rankings were 
carried out in order to assess in detail the crushing strength data obtained for each 
sample. The rankings based on the average values and the percentages of weak 
particles gave different results. It is expected that the weakest particles will break 
first in the industrial units. This may lead to operating problems at the early stages of 
the residence of a new batch of catalyst beads in the reactor. Therefore, it is 
important to produce particles not only with a high average crushing strength value, 
but also with a small percentage of weak particles. This issue has been often ignored 
in the literature, and only the average value has been presented (Wolff et al. (1993) 
and Buelna and Lin (1999)). Some authors provide additional information to 
characterise the particle strength under quasi-static loading such as the standard 
deviation (Knight and Bridgwater, 1985), the range of the crushing strength data 
(Deng and Lin, 1997) or both (Li et al., 1999a). However, this information may still 
not be sufficient as the shape of the crushing strength distribution, and particularly on 
the percentage of weak particles are not provided. In only two cases, the reference to 
a minimum crushing load used as quality control has been made. Clause et al.
(1998) suggested that the percentage of catalyst particles for reforming unit with a 
crushing strength below 14.7 N should be minimised and Li et al. (1999a) proposed 
that the critical value of crushing strength for the quality control of catalyst tablets 
should be about 100 N/tablet.
The effect of four manufacturing process parameters on the crushing strength of the 
catalyst carrier beads was tested in this work. It was observed that the presence of 
filler material might lead to a decrease in the average crushing strength, but also to a 
decrease in the width of the standard deviation. Comparable reinforcement was 
obtained with particulate filler and platelets. However, the sample prepared with
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fibres was considerably weaker than the other two samples presumably due to the 
poor quality of the fibres used. The presence of macropores leads also to a decrease 
in the particle strength. However, the presence of large air bubbles is expected to 
have a stronger effect on the particle strength than that of the macropores. A 
decrease in the drying rate helps reducing the formation of cracks within the particles 
and therefore forming a more homogeneous sample. No clear effect of the surfactant 
on the particle strength was observed due to different properties of macro-defects. It 
was observed that the presence of air bubbles leads to the weakening of the samples 
and less air bubbles were formed in general when filler material was incorporated 
into the suspension and when a small amount of surfactant was introduced alone or 
together with the organic phase.
The strongest sample according to the compression test is sample F0M0D1S1, which 
was prepared with 110 filler, 110 macropores and slowly dried. It has the highest 
average crushing strength value, which is about three times higher than the values 
obtained with the commercial sample, and the lowest percentage of weak particles.
4.2 Impact testing
4.2.1 Introduction
The catalyst particles experience impact against the walls or other particles during 
their loading into the moving bed reactors or during the pneumatic transport between 
reactors and between the reactor and the regeneration imit. The strain rate during 
impact is high and this may affect the mechanical properties and particularly the 
propensity of crack propagation and the effect of defects such as air bubbles and 
microcracks on the particle strength. Therefore, it is also necessary to test the 
mechanical strength of the catalyst reforming beads under impact loading in order to 
obtain a lull characterisation of the particle strength.
A device has been developed at the University of Surrey by Yuregir et a l (1986, 
1987), where the particles are individually impacted on a rigid target at a specified
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velocity in an impact test rig. Qualitative tests were carried out by Yuregir et al 
(1986) on the impact attrition of sodium chloride particles using an image converter 
camera to record the sequence of impact and to analyse the mechanism of breakage 
of the particles. The same impact facility was then used by Cleaver et al. (1993) to 
analyse the impact behaviour of sodium carbonate monohydrate crystals, by 
Papadopoulos and Ghadiri (1996) for poly-methylmethacrylate extrudates, by 
Bentham et al. (1997) for pharmaceutical powders, by Ning et a l (1997) for lactose 
agglomerates and by Boerefijn and Ghadiri (1998) for FCC powders. This involved 
qualitative work in order to analyse the breakage mechanism using high-speed 
recording and quantitative work, where a large number of particles are impacted 
individually and the extent of breakage after impact was quantified by 
gravimetric analysis. In this work, the impact test rig was used to quantify the 
strength of the catalyst carrier beads and to compare the strength of the different 
samples produced.
Slightly different approaches or impact rigs have been used by other authors to 
analyse the particle attrition under impact. Salman and co-workers impacted every 
particle individually and analysed in detail the pattern of impact breakage based on 
the shape of the remaining fragments. Salman et al. (1995) analysed the effect of the 
impact angle and velocity on the breakage mechanism of aluminium oxide spheres 
and on the number distribution of broken particles. Guigon and co-workers analysed 
the grindability of small particles at high impact velocities in order to simulate the 
attrition in an air jet mill. Metboul et a l (1996) presented an experimental test rig, 
which allowed the impact testing of individual alumina hydrate particles or of an air 
jet of particles on the target at velocities in the range 120 to 250 m s" . They showed 
that at high solids concentration, the particle attrition decreases presumably because 
of lower particle velocities due to particle-particle interactions in the air jet.
4.2.2 Experimental details
A schematic diagram of the impact test rig at Surrey is presented in Fig. 4.12. 
Particles are introduced individually at the inlet of the eductor using a vibratory 
feeder. The eductor is designed in such a way that a slight vacuum is produced by
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the Venturi effect at the inlet, hence the resulting air flow entrains the particle into 
the tube. The particles are then accelerated to the required velocity by the air flow 
and are impacted one after another at a rigid target positioned downstream of the 
tube. The tube internal diameter is 20 mm and its length is 1 m. The distance from 
the tube exit to the target is about 30 mm and a round sapphire plate, 25 mm in 
diameter and 6 mm thick, was used as a target material for most of the tests. However, 
the angle of impact can be varied as well as the material properties of the target in 
order to simulate the impact experienced by the particles in the different industrial 
operations. Few impacts were carried out on an inclined stainless steel target. The 
impact angle is defined in this work as the angle between the plane on which the 
particle impacts and the incident velocity direction, which in all these tests is vertical. 
Similar extents of breakage were obtained on flat stainless steel and sapphire targets. 
By carrying out an impact test where the particles impacted on a bed of particles, it 
was also confirmed that the particles experience similar breakage to when impacted 
on a target.
Figure 4.12: Experimental apparatus for impact testing. Rl, R2 and R3 are 
rotameters and. P I is a pressure indicator.
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The particle velocity is measured before impact from the time of flight between two 
parallel photo-diodes located just above the target. The vertical distance between the 
diodes is 28 mm. The photo-diodes sense the passage of the particles, from which 
the time of flight and hence the impact velocity can be determined. The impact 
velocity can be controlled by adjusting the air flow through the accelerating tube. 
Before testing, the air flow in the rig is first calibrated with the test material in order 
to achieve the required velocity.
Both quantitative and qualitative analysis of the particle breakage can be separately 
carried out with this device. The qualitative analysis involves the observation of the 
impact event by high-speed video recording. This requires focusing a high-speed 
camera on the impact target. The quantitative analysis involves an assessment of the 
extent of breakage and requires the target to be enclosed in a chamber in order to 
collect the debris and mother particles after impact. Experimental details are 
explained further in the following sections.
4.2.3 Qualitative analysis of the impact breakage
4.2.3.1 Patterns o f  breakage during normal impacts
A Kodak HS4540 Motion Analyser video camera with a frame acquisition rate of up 
to 40500 frames per second has been used to record the impact breakage of some 
selected samples of alumina beads, i.e. F1M1D2S2, F2M0D2S0, F2M1D2S2, 
F2M2D2S2. A high magnification macro lens was focused on the target of the 
impact test rig. In this work, the recording rate was 27000 fps and the angle of 
impact was 90°. The particles were tested in the velocity range between 14 m s' 1 and 
20 m s '1. This range was selected because below 14 m s '1, the probability of 
breakage was very low, therefore the probability of recording a breakage sequence 
was even lower due to the narrow area recorded. Above 20 m s '1, this recording rate 
is not sufficiently high leading to blurred and dark images. Higher impact velocities 
were analysed later on using a photographic camera with a higher acquisition rate.
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Within the velocity range between 14 m s' 1 and 20 111 s '1, several mechanisms of 
breakage were observed for these catalyst carrier beads, which are illustrated in Fig. 
4.13. Chipping is the removal of one or several small chips from the impact site as 
shown in Fig. 4.13 (a) and occurs at low impact velocities. It can also be observed 
that the chips are formed during unloading, e.g. from two to three frames after the 
impact which is equivalent in time to 0.074 and 0.111 ms respectively. In general, 
fragmentation usually occurs at a higher impact velocity than that which causes 
chipping, due to the high level of stored elastic strain energy required for crack 
propagation. However, due to the heterogeneity of the sample strength as seen in the 
crushing strength distributions, fragmentation can also be observed under low impact 
velocities due to the breakage of the weakest particles. The fragmentation of a 
particle into two hemispheres by the propagation of a fracture on a meridian plane is 
shown in Fig. 4.13 (b). At similar* impact velocities, the fragmentation into a larger 
number of fragments was also observed. Some of the catalyst carrier beads broke 
into three fragments. Chips coming from the contact zone were also produced (see 
Fig. 4.13 (c)). This breakage pattern was also observed by Salman et al. (1995) for 
the impact breakage of aluminium oxide spheres.
However, Salman et al. (1995) suggested that this breakage pattern was rather 
uncommon and occurred principally for the strongest specimens. The last breakage 
pattern observed at 20 m s' 1 is referred to as multi-fragmentation or shattering due to 
the high number of fragments produced (see Fig, 4,13 (d)). The fragments produced 
have the shape of orange segments as observed by Arbiter et al. (1969) for the 
impact of sand-cement and glass spheres. They explained that this breakage pattern 
occurs by the propagation of meridian and oblique fracture planes along trajectories 
of maximum compression when the impact velocity is relatively high. The area that 
came into contact with the target is also disintegrated into a large number of fines.
Shin and Maekawa (1995) observed that the rate of loading has a determinant effect 
on the pattern of breakage as an increase in the loading rate leads to an increase in 
the new surface area produced by breakage and therefore to a decrease in the 
fragment size. However, the impact sequences of Fig. 4.13 show that the breakage 
pattern depends not only on the impact velocity but also on the distribution in the
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particle strength and on the location of the flaws from which fracture may initiate. 
For each of the four samples tested, at least 20 particle impacts were recorded for 
each velocity in the range from 14 m s"1 to 20 m s '1. A qualitative and quantitative 
analysis of the way the particles broke was carried out considering the four 
mechanisms of breakage shown in Fig. 4.13 and the results are reported in Fig. 4.14.
No breakage was observed when impacting 20 particles from the sample 
F1M1D2S2, i.e. sample with a level 1 of filler, a level 1 of macropores, dried at high 
temperature and prepared with a level 2 of surfactant, at each of the impact velocities 
of 20, 21 and 25 m s '1. For the other samples, it can be seen in Fig. 4.14 that the 
number frequency of particles that break during impact increases with the impact 
velocity. At low impact velocities, the frequency of particles that experience 
chipping is expected to be high. However, the pattern of breakage into two or more 
fragments is also observed due to the wide distribution in the particle strength. The 
most frequent mechanism is the breakage into two hemispherical fragments and into 
a large number of fragments.
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(a) Chipping at 14 m s'1 and 16 m s 1:
Frame no. 1
Frame no. 1
(b) Fragmentation into two halves at 20 m s'1
Frame no. 1
Frame no. 1
lc) Fragmentation into three fragments and chips at 20 m s
Frame no. 1
-l *K RE 11
Id) Multi-fragmentation and shattering at 20 m s
Frame no. 1
Frame no. 1
Figure 4.13: High-speed video recordings o f  normal impacts o f  catalyst carrier 
heads at a recording rate o f27000fps.
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Figure 4.14: Qualitative analysis o f breakage mechanisms by high-speed video 
recording. No breakage was observed when testing 20 particles from sample 
F1M1D2S2 at each impact velocity o f 20, 21 and 25 m s'1.
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4.2.3.2 Patterns o f breakage during inclined impacts
Analysis of the impact breakage of the commercial sample F2M1D2S2 was also 
carried out with an Imacon 790 high-speed photographic camera at a recording rate 
of 105 fps. This allows the movement of the particle to be more clearly recorded than 
with the video camera, particularly at high impact speeds, i.e. from 32 to 42 m s'1. 
In addition, two different targets were used in order to analyse the effect of impact 
angle on the fracture pattern. A typical pattern of breakage obtained during an 
impact at 45° is shown in Fig. 4.15 and compared with one o f the possible patterns 
for a normal impact. Under inclined impacts, a thin chip is produced from the area in 
contact with the target. No fragmentation was observed for velocities below 40 m 
s'1. Salman et al. (1988) also observed that for impact angles below 50°, the impacts 
are less damaging for the particles and only small chips o f material are detached 
from the particle.
(a) 90° (b) 45°
Figure 4.15: Effect o f  the impact angle on the pattern o f breakage o f catalyst carrier beads 
at about 35 m s'1. The sequences are read from top to bottom and from right to left.
A comparison of the shape of the fragments produced during a normal and inclined 
impact is shown in Fig. 4.16. Normal impacts produce large fragments with typically 
an orange-segment shape, whereas oblique impacts produce thin platelets with a lens 
shape. Therefore oblique impacts will produce in general a smaller mass of debris 
than normal impacts as the integrity of the residual fragment remains unchanged. 
This is an important issue when designing industrial units. A high velocity normal 
impact may be replaced by two smaller impacts at 45° in order to decrease the extent
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of fragmentation in an industrial plant. Additional sequences of normal and inclined 
impacts are given in Appendix F.
(a) (b)
Figure 4.16: Scanning electron micrographs o f  debris o f catalyst carrier beads after 
a single impact at about 10 m s'1 a) at 90° and b) at 25°.
4.2.3.3 Measurement o f the coefficient o f restitution
High-speed video recording of low-velocity impact sequences were carried out in 
order to measure the coefficient of restitution of the commercial sample, F2M1D2S2. 
The coefficient o f restitution is defined as the ratio of the rebound velocity to the 
impact velocity. Free fall-impacts were carried out from the height of 0.021 m and 
0.081 m in order to reach the impact velocities o f 2.0 m s' 1 and 3.6 m s'1. These 
velocities were selected because o f the low probability o f breakage under these 
conditions. The recording speed selected was 9000 fps for the impacts at 2 m s' 1 and 
9000 fps or 13500 ips for the impacts at 3.6 m s '1. A ruler was recorded within the 
background in order to measure the particle displacement. Therefore, using the 
particle displacement, the number of frames between two particle positions and the 
recording rate, the impact velocity before and after impact, V and Vr respectively, 
was calculated.
An example of an impact sequence recorded at 9000 fps is shown in Fig. 4.17. 
Fourteen impact sequences were recorded at 2 m s '1, and 8 sequences at 3.6 m s'1. 
The results are shown in Table 4.7, where the average and standard deviation values 
are summarised for the two impact velocities. The values of coefficient of restitution
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obtained vary from 0.69 at 2.0 m s' 1 to 0.71 at 3.6 m s'1. This shows almost no effect 
of the particle velocity on the coefficient o f restitution within the range of velocities 
tested.
Table 4.7: Data of the coefficient o f restitution for the commercial sample
F2M1D2S2.
Height for free fall impact (m) 0.021 0.081
Impact velocity: average 1.95 3.55
Standard deviation 0.07 1.74
Coefficient of restitution: average 0.692 0.712
Standard deviation 0.040 0.086
2 ms before impact 0.666 ms before impact
0.333 ms before impact Impact
#
0.333 ms after impact 1.555 ms after impact
Figure 4.17: High-speed video recording o f the impact sequence o f a particle from  
the commercial sample impacted at about 2 m s l (recording rate: 9000fps).
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Ning and Thornton (1993) derived an equation for the coefficient of restitution of 
elastic-perfectly plastic spheres. If  the impact velocity is lower than the velocity at 
which the particle starts to yield, the coefficient of restitution reflects the energy 
losses due to elastic wave dispersion. However, for impact velocities higher than the 
yield velocity, losses due to plastic deformation occur and the coefficient of 
restitution becomes much lower than one. Up to the maximum compression point, 
the kinetic energy is absorbed in the local elastic and plastic deformation of the 
impacted bodies. Dining the particle rebound, there is a recovery of the energy 
involved in the elastic deformation only. Ning and Thornton (1993) calculated the 
coefficient of restitution assuming that at high impact velocities, the contact area at 
which yield occurs is much smaller than the total contact area and therefore can be 
neglected, and that the radius of curvature is equal to two particle radius at fully 
plastic state (Johnson, 1985). They obtained the following equation for the 
coefficient of restitution, e:
e = 2.04 (4.5)
where cry is the yield stress, p  is the particle density, E  is the effective modulus of 
elasticity and V the impact velocity. Thornton and Ning (1998) later developed 
further their model of coefficient of restitution in order to describe better the change 
in the radius of curvature from the yield point (1/R) to the point of maximum 
compression (1/2R). They used the following equation to model the smooth 
transition from plastic to elastic deformation:
(“ ‘ - S )  = ^ r  (4-6)
P
where a  is the maximum displacement, ap is the displacement due to plastic 
deformation, a* is the maximum contact radius and Rp is the radius of curvature at the 
point of maximum compression. This gives for the case of a sphere impacting on a plane 
surface the following equation for the coefficient of restitution:
e = 1.324 {P p  pE"‘)'l*V-'liwith (4 .7 )
These two equations were used in order to predict the coefficient of restitution of the 
catalyst carrier beads from the commercial sample. The value of yield stress was 
estimated from the particle hardness that was measured experimentally, assuming a
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ratio of particle hardness to yield stress of 3. The sample data are compiled in Table 
4.8.
Table 4.8: Sample F2M1D2S2 parameters used to calculate the coefficient o f  
restitution.
Param eters Values
Particle hardness (MPa) 0.320
Yield stress (MPa) 0.107
Particle density (kg m'3) 1100
Effective Young’s modulus (GPa) 11.7
Based on Eqn. 4.5, the coefficient of restitution is 0.694 for an impact velocity of 
1.95 m s' 1 and 0.597 for an impact velocity of 3.55 m s '1. The values obtained 
following Eqn. 4.7 are 0.779 and 0.670, respectively. Therefore, the second model 
seems to underestimate the coefficient of restitution of the catalyst carrier beads, 
whereas a closer value is obtained with the first model. Equations 4.5 and 4.7 show a 
very high dependence of the coefficient of restitution on the yield stress. However, 
this parameter is difficult to estimate for particulate solids with a brittle failure mode. 
The value of yield stress used in these calculations was derived from the 
experimentally measured values of hardness assuming a constraint factor of 3. The 
differences between the experimental and numerical values may be explained by the 
difficulties in evaluating the value of yield stress or of constraint factor. A back step 
analysis may be carried out in order to predict the yield stress values from Eqns. 4.5 
and 4.7 based on the coefficient of restitution. This is carried out only for the lowest 
impact velocity due to an increase in the probability of breakage by chipping at 
higher impact velocities and therefore less reliable data for the restitution coefficient. 
The values of yield stress obtained are 0.107 GPa and 0.214 GPa when using the 
equations 4.5 and 4.7 respectively. These two values are quite different. The first 
one is equivalent to a constraint factor of 3, whereas the second one is equivalent to a 
constraint factor of 1.5. In general, a constraint factor of 3 is taken for stiff but 
ductile materials such as metals. However, for glasses and polymers, the constraint 
factor can be lower than 3. On the other hand, for crystals, the constraint factor can 
be much larger than 3 (Zhang, 1994). The true value of the constraint factor could
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not be estimated in this work and therefore an approximate value of 3 will be used in 
the calculations within this dissertation.
4.2.4 Quantitative analysis of the impact breakage
When quantitative work is carried out with the impact test rig, the target is housed in 
a Perspex collection chamber that is connected to a vacuum line via a porous brass 
plate and a filter paper. In this work, due to the size of the particles tested, a filter of 
25 pm pore size manufactured by Whatman International Ltd was used. A slight 
level of vacuum was maintained in the chamber (approximately 1.5 mbar) to ensure 
the full recovery of the impact product, i.e. debris and mother particles on the filter 
paper. The level of vacuum in the collection chamber was monitored by means of a 
Digitron Instrumentation digital manometer.
A large number of catalyst carrier beads are usually tested in each test run in order to 
ensure a high reliability of the test. Typically more than 4000 particles are impacted 
for each test condition, one after an other, so that particles impact individually on the 
target. The sample is always sieved before test in order to select particles from one 
sieve cut only and therefore to eliminate the spread within the data due to particle 
size effects. In this work, particles from the BS410 sieve cut 1.7-2.0 nun were 
selected for testing. In addition, broken or non-spherical particles were removed 
from the sample by using a vibratory table. The ability to test a large number of 
particles is a particular advantage of this impact test rig. When all the particles have 
been impacted, the product is carefully collected from the chamber. In order to 
determine the extent of breakage and the product size distribution, manual sieving is 
carried out with the impact product using the standard procedure described by Allen 
(1981). Sieving should be carried out by smoothly tapping the sieves with a wooden 
stick and twisting and tilting them so that the particles do not experience further 
attrition and that all the particles have the possibility to pass through the mesh.
For quantifying attrition due to chipping, usually a single sieve is used. The sieve 
usually selected has a size, which is two standard sizes below the original feed size. 
This is because the debris produced by the chipping mechanism are much smaller
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than the mother particles and therefore the separation of the debris is insensitive to
the choice of the sieve size within a reasonable range, as described by Papadopoulos 
and Ghadiri (1996). In this work a BS410 sieve of 1.18 mm aperture size was 
selected to quantify the breakage experienced by a sample of particles within the 1.7-
2.0 mm sieve cut. However, it was observed that even at low impact velocities, a
distribution. Therefore, in order to quantify the total mass of broken particles, the 
larger particles were further sifted using a vibratory table in order to separate the 
broken and unbroken particles. The extent of breakage can then be determined using 
the following criteria:
where Mlhbris is the mass of debris which are two sieve cuts below the original size, 
Mbrokam the total mass of broken particles obtained by vibratory sifting and Mfeed, the 
mass of particles fed into the impact test rig. Mass balance can be used in order to 
check the mass loss during an impact test. However, due to the high porosity of 
these particles, a slight increase in the total mass of the sample was observed after 
testing due to the absorption of moisture on the new surfaces created during impact 
and to the use of a slight vacuum in the collection chamber. Therefore, in this work, 
the extent of breakage was calculated based only on the mass o f debris, which was 
more stable than the mass of larger fragments and undamaged particles.
Repeated impacts on the same samples of particles can be carried out in order to 
study the effect of fatigue on the breakage of the particles. In this case, after each 
impact the extent of breakage is analysed by sieving and either the mother particles 
or the unbroken particles are introduced again to carry out the next impact test. The 
incremental and cumulative extent of breakage after the nth impact are calculated 
respectively by:
few particles broke into several large fragments due to the wide particle strength
(4.8 a)
broken (4.8 b)
(4.9 a)
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n(4.9 b)
where the amount of debris, that is two sieves cut below the original particle size is 
considered or by:
where the total amount of broken particles is considered.
4.2.4.1 Effect o f  impact velocity
Figure 4.18 presents the effect of impact velocity on the breakage experienced by the 
beads from the commercial sample F2M1D2S2. In this case, the breakage was 
quantified by the two criteria described earlier, i.e. the percentage of debris below 
one sieve, which is two sizes below the original sample, and the percentage of total 
breakage, which is determined by using a vibratory table to separate the broken 
particles from the unbroken ones. The extent of breakage within the impact product 
was determined using Eqns 4.8 (a, b). The impact breakage increases with the 
impact velocity following a power law of the impact velocity with an exponent of 4.4 
for the criterion based on the percentage of debris and of 2.5 for the criterion based 
on the total breakage.
No transition velocity from chipping to fragmentation was observed for this type of 
material. A transition was observed by Papadopoulos and Ghadiri (1996) for semi- 
brittle material failure. At low impact velocities, the particles are expected to 
experience mainly chipping. However, the fragmentation of some particles was also 
observed due to the heterogeneity in the particle strength. Figure 4.19 shows the 
morphology of chips and fragments produced during an impact at 10 m s’1. The 
chips are essentially flat particles, as contrasted to the more massive fragments. 
Under higher impact velocities, a higher percentage of particles fragmented leading
increm. / \   ^  broken (4.10 a)
(4.10 b)
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to a stronger increase in the mass of debris. Figure 4.20 shows the morphology of 
the debris produced after an impact at 20 m s'1. A large number of fragments with 
the typical orange segment shape were produced as well as fines that come from the 
disintegration of the contact zone or from the fracture surfaces due to the phenomena 
of crack bifurcation in brittle material.
4 6 8 10 12 14 16 18 20 22 24
Impact velocity (m/s)
Figure 4.18: Effect o f the impact velocity on the extent o f breakage o f the 
commercial sample F2M1D2S2.
(a) (b)
Figure 4.19: Scanning electron micrographs o f the debris o f the commercial sample 
produced after a single normal impact at 10.3 m s'1: a) chips, b) fragments.
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Figure 4.20: Scanning electron micrograph o f  the debris o f the commercial sample 
F2M1D2S2 produced after a single normal impact at 20 m s'1.
Different breakage patterns have been observed during an impact, as described 
earlier with the high-speed video sequences of the impact. The analysis o f the 
fracture surfaces can help to understand where the breakage was initiated, as in Fig.
4.21, where a big chip has been removed from the particle near the impact zone. 
Three different areas can be seen in Fig 4.21 (a) due to the propagation of the 
fracture through the particle. The surface is first rough near the impact zone, which 
may correspond to the compression zone. Then there is an annular segment of 
smoother surface, which corresponds to the mirror zone, as described in Chapter 2. 
Farther from the impact zone, the surface has a similar level o f roughness to the 
external one. In Fig. 4.21 (b) the impact zone has been magnified and the differences 
in the fracture surface within the impact zone can be better observed. Other scanning 
electron micrographs o f large fragments produced during a normal impact are shown 
in Appendix G.
Figure 4.21: Observation o f the impact zone after impact at 10 m s'1.
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4.2.4.2 Effect o f  the number o f  impacts
It is shown that after an impact at low velocity, i.e. below 10 m s '1, the extent of 
breakage is very small, i.e. below 0.7 % when only the percentage of debris is 
considered. However, in the industrial applications, and especially in the pneumatic 
conveying systems, the particles impact against the pipe walls or against each other 
many times at velocities, which are much lower than the velocities tested in the 
impact test rig and therefore particle attrition may be appreciable. The impact 
velocities used here have been chosen to enable a quick assessment of the relative 
strength of various samples of the beads. The velocity of the particles in the 
pneumatic system of the reforming unit is about 2 to 3 m s' 1 and the maximum 
impact velocity during the loading of the catalysts in the moving bed reactor is about 
10 m s '1. Repeated impact tests were therefore carried out with the commercial 
sample at impact velocities varying from about 2 m s”1 to 10 m s' 1 in order to 
investigate the effect of fatigue on the particle strength and to understand how and 
why the catalyst particles break in the reforming units. About 200 repeated impact 
tests were carried out at 2.0 m s'1, 60 impacts at 3.6 m s'1, 30 impacts at 6,0 m s' 1 and 
5 impacts at 10.0 m s '1. For the tests at impact velocities below 6 m s'1, a different 
rig was used as the minimum impact velocity that could be obtained with the impact 
test rig at free fall impact was 5 to 6 m s' 1 due to the fixed height of the impact tube. 
A schematic diagram of the rig used for the low-velocities tests is presented in Fig.
4.22. As a large number of tests is to be carried out with the same sample, a larger 
number of particles, i.e. about 25000 particles, is impacted individually using a 
vibratory feeder on a large stainless steel target plate located inside a metallic 
collection chamber. The height at which the particles should be impacted in order to 
obtain the desired impact velocity is calculated based on the basic kinematic 
equations assuming that the particle velocity is only dependent on the gravity 
acceleration, g:
aP = S  
V = g tf
h — 0.5 g tf
h =
2 g
(4.11)
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where ap is the particle acceleration, V is the impact velocity, tf is the time of flight 
and h is the distance from which the particle is impacted.
Figure 4.22: Simplified impact test rig used for the impact tests at low impact 
velocities in order to analyse the fatigue effect.
The selected velocities were 2 m s' 1 and 4 m s' 1 for the two lowest impact velocities. 
This gives a distance from the feeding point to the target of 0.021 m and 0.081 m, 
respectively. In order to check the actual impact velocity, the impact sequences were 
recorded using a high-speed video recording camera which is focused on the target of 
the impact test rig after removing the collection chamber. The impact sequences 
were recorded at 9000 fps and the impact velocity was measured by optical analysis 
of the digital images. This gives an impact velocity of 2.0 m s' 1 (St. Dev.=0.1 m s '1) 
from a height of 0.021 m and 3.6 m s' 1 (S t Dev.=0.2 m s'1) from a height of 0.081 m. 
A sequence of the high-speed video recording at about 2 m s' 1 was shown in Fig. 
4.17 as this work was also used to measure the coefficient of restitution.
For these tests, after individually impacting all the particles of the sample, the mother 
particles and debris are collected. The extent of breakage is determined after each 
five impacts for the tests at 2.0 m s '1, 3.6 m s"1 and 6.0 m s' 1 and after each impact for 
the tests at 10.0 m s '1. After sieving, only the mother particles were impacted again. 
The incremental and cumulative extents of breakage are shown in Fig. 4.23 for the 
four impact velocities.
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Figure 4.23: Effect o f  the number o f impacts on the extent o f  breakage experienced 
by the particles at 2.0 m s'1 (a), 3.6 m s'1 (b), 6.0 m s'1 (c) and 10.0 m s'1 (d).
Even at low velocities, the particles experience breakage under impact. At 2 m s'1, 
the percentage of attrition after 5 impacts fluctuates between 0 and 0.005 %. 
However, it seems that the incremental breakage is slowly reduced with an increase 
in the impact number after more than 100 impacts. It should be noted that the
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breakage observed here is due to fragmentation of individual particles and to a much 
lesser extent due to surface damage particularly at this low impact velocity. The 
weakest particles tend to break during the first few impacts and the remaining ones 
are more resistant to breakage leading to a decrease in the attrition rate. Considering 
the number of particles used in the test, a single particle fragmenting would give rise 
to 0.004 % attrition, from which a measure of how many particles have broken may 
be inferred. The impact velocity is not sufficiently high to lead to appreciable 
fatigue, which would in turn lead to an exponential type of breakage as the impact 
number is increased. The cumulative breakage follows a linear equation only for
10.0 m s’ 1 and 6.0 m s '1. At lower velocities, this linear section is only observed for a 
small number of impacts, i.e. about 25 impacts at 3.6 m s' 1 and about 90 impacts at
2.0 m s '1. When the number of impacts is further increased, the slope of the curve of 
cumulative breakage decreases. This is because the incremental rate of breakage 
shows a decrease due to the progressive elimination of the weakest particles from the 
sample.
As stated previously, it was observed that the particles experienced not only chipping 
but also fragmentation at low impact velocities. Therefore, in order to quantify the 
total amount of attrition, the mother particles were analysed using the vibratory sifter 
after each 20 impacts for the tests at 2.0 m s’1 and after each 10 impacts for the tests 
at 3.6 m s"1. The mass of broken particles was measured and then the broken 
particles were mixed again with the unbroken ones in order to carry out the next 
impact test. The results are shown in Fig. 4.24. It can be seen that the weight 
percentage of broken particles within the mother particles is much higher than when 
the debris below 1.18 mm are considered. After 200 impacts at 2.0 m s’1, the 
cumulative extent of breakage considering the debris below 1.18 mm is 0.04 % 
whereas it is 0.35 % when the broken particles are considered. These numbers are 
respectively 0.05 % and 0.9 % after 60 impacts at about 3.6 m s '1. The vibratory 
sifter separates out the particles that have been even slightly damaged on the surface,
i.e. sufficient to produce a flat surface, from the undamaged particles. However, a 
further selection was carried out manually in order to eliminate any particles that did 
not experience fragmentation. These results show that the particles can get damaged 
even at these low velocities. The trend at 2.0 m s"1 shows an asymptotic behaviour
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indicating that the surface damage is negligible for this case. At 3.6 m s'1, the 
asymptotic behaviour is not observed for the number of impact tests carried out.
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Figure 4.24: Effect o f  the number o f impacts on the percentage o f broken particles 
produced during impacts at 2.0 m s'1 and 3.6 m s'1.
The shapes of the broken particles and debris after 200 impacts at 2.0 m s' 1 and 60 
impacts at about 3.6 m s' 1 are shown in Fig. 4.25. Most of the particles break into 
two hemispheres by median fracture. The fracture plane can be either very smooth or 
rough depending on how the cracks propagate through the particles. Some particles 
which have experienced only chipping can also be observed among the broken 
particles as a flat surface has been produced by the removal o f a little chip from the 
contact zone. Among the debris, some small chips and segment-shape debris can 
both be observed. The segment-shape debris were produced during secondary 
fragmentation o f the spherical or hemispherical particles. It can be observed on the 
pictures of the debris after impact at 2.0 and 3.6 m s' 1 that some particles that broke 
had big cavities inside due to the formation of air bubbles in the emulsion before the 
particle shaping. It seems that the presence of these big cavities leads to the 
weakening of the particles and therefore to breakage at very low velocities.
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Broken particles after 200 impacts at 2 m s'1
p la n e
Figure 4.25: Optical micrographs o f  the broken particles and debris after 200 and 
60 impacts at 2 m s'1 and 3.6 m s'1, respectively.
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Scanning electron micrographs of mother particles and debris are shown in Fig. 4.26. 
This gives a better view of the shapes of the debris and fragments after impact as 
well as o f the presence of macro-defects. Both mechanisms of breakage by chipping 
and fragmentation can be seen for impacts at 2 m s'1. Large air bubbles can be 
observed in the impact zone in Fig. 4.26 (a) as well as on some of the debris in Fig. 
4.26 (d). The statistical analysis o f the defects by SEM shows that the commercial 
sample had a very low frequency of air bubbles within the samples. The large 
frequency o f broken particles and debris with macro-defects suggests that the 
particles with air bubbles are weaker than the ones without and therefore they will be 
the first ones to break during impact.
(c) (d)
Figure 4.26: Scanning electron micrographs o f the mother particles and debris 
obtained after 200 impacts o f sample F2M1D2S2 at 2 m s ' .
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4.2.4.3 Analysis o f  the particle breakage by fu ll size analysis o f  the impact product
In this work, the extent of breakage has been quantified by measuring the amount of 
debris and broken particles. However, when the particles experience extensive 
fragmentation during impact, the distribution of the fragment size is very large and it 
may be necessary to carry out a full size analysis of the impact product by sieving.
The effect of the impact velocity on the size distribution curves is shown in Fig. 4.27 
for the sample F2M2D2S2 in the range of velocities from 10 to 14.3 m s’1. In Fig. 
4.27, the x-axis represents the normalised particle size, i.e. the nominal sieve aperture 
divided by the original particle size and the y-axis represents the cumulative mass 
fraction undersize.
Norm, particle size (-)
Figure 4.27: Variation o f the size distribution o f the impact product o f sample 
F2M2D2S2 as a function o f impact velocity after a single normal impact.
An increase in the impact velocity leads to an increase in the particle breakage, 
which is shown by a higher position of the distribution curves in the graph. No flat 
curve typical o f the chipping mechanism was observed even at low impact velocities. 
The size distribution curves obtained for the three velocities are almost parallel in the 
complement region, i.e. for normalised particle size below 0.59. This shows that a 
power law fitting is applicable for the size distribution data within the complement
128
region and similar for each set of data. Therefore it can be concluded that the main 
breakage mechanism is here by fragmentation. The curves corresponding to the 
samples impacted at 10 m s"1 and 12 m s"1 are almost overlapping. This is because 
the extent of breakage at these velocities is very low and statistically dependent on 
the percentage of particles with large macro-defects. At the lowest impact velocity, 
the dominant breakage mechanism is expected to be by chipping. However, in this 
case, as the size distribution is not flat, fragmentation also occurs producing debris of 
various sizes. With an increase in the impact velocity, the slope of the distribution 
curves becomes larger showing an increase in the production of larger fragments. 
The analysis from these size distribution curves agrees with the analysis of the 
impact product carried out by microscopy, where the increase in the frequency of 
fragments can be qualitatively observed.
The effect of impact velocity on the fatigue behaviour of catalyst carrier beads can 
also be analysed in more detail by carrying out full size analysis of the impact 
product after each impact. Five repeated impact tests were carried out with sample 
F2M2D2S2 at 10 m s'1, 12 m s' 1 and 14 m s '1. The size distribution curves for the 5 
repeated impacts at these 3 impact velocities are shown in Fig. 4.28. The effect of 
the number of impacts on the particle strength is mainly dependent on the impact 
velocity. Three different regimes can be observed:
• the extent of breakage decreases with the number of impacts (Fig. 4.28 (a)), which 
means that the weaker particles tend to break during the first impacts and the other 
particles are sufficiently strong not to break during further impacts and experience 
no fatigue in the range of impact number tested,
• the extent of breakage is nearly constant with the number of impacts (Fig. 4.28
(b)), showing that the particles are not much affected by the previous impacts and 
experience similar breakage after each new impact,
• the extent of breakage increases with the number of impacts (Fig. 4.28 (c)), 
showing that the fatigue mechanism is important at this impact velocity. The 
strength of the beads decreases with the number of impact.
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(a) 1 0 m s' Norm, particle size (-)
(b) 1 2 m s' Norm, particle size (-)
(c) 14.3 m s Norm, particle size (-)
Figure 4.28: Effect o f  the number o f impacts on the size distribution o f the impact 
product o f sample F2M2D2S2 after normal impacts at 10 m s'1 (a), 12 m s'1 (b) and
14.3 m s'1 (c).
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4.2.5 Effect of the particle properties on the impact strength
The effect of four manufacturing process parameters, i.e. the presence of surfactant, 
amount and type of filler, the volume of macropores and the drying procedure, on the 
particle strength were analysed by impact testing. The effect of each parameter is 
analysed by keeping as far as possible the other parameters constant in order to avoid 
the analysis of several parameters at the same time. However, it is often very 
difficult to separate the effect of these parameters from the effect of particle defects 
such as cracks and air bubbles. Cracks and air bubbles are produced during the bead 
manufacture and will also have a direct effect on the particle strength as shown 
previously by quasi-static testing. Therefore, the results of the SEM analyses of 
polished particle sections presented in Chapter 3 and Appendix C will be also used 
when analysing the effect of the process parameters 011 the particle strength. At the 
end of this section, an analysis of the effect of the macro-defects on the particle 
strength will be also presented.
For each sample and impact velocity, five repeated impact tests were carried out with 
at least 4000 spherical particles selected from one sieve cut. The range of velocities 
tested varied from 4 to 26 m s '1, depending on the strength of the sample tested. 
Materials with a brittle failure mode tend to experience weakening and fatigue when 
they are under mechanical stresses that are not sufficiently high to lead to particle 
fracture but that could generate microcraclcs and flaws within the particle. The 
particles may be then progressively weakened and become less resistant to further 
mechanical stresses. Therefore, repeated impacts were carried out so that the effect 
of fatigue on the particle strength could be analysed. After each impact, the particles 
were carefully collected from the impact chamber and were sieved to separate the 
debris. The sieve size used to separate the debris was two sieve cuts below the 
original feed size. The particles that remained on the sieve were further separated 
using a vibratory sifter. The total percentage of broken particles generated was 
calculated and only the spherical particles, i. e. the ones that did not experience any 
damage, were impacted again.
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4.2.5.1 Ranldng o f  the samples in terms o f extent o f attrition
Figure 4.29 summarises the extent of breakage experienced by the samples tested in 
this work after one normal impact and the cumulative breakage after 5 normal 
impacts. Due to the large number of samples analysed, separate plots will be given 
in order to facilitate the study of each process parameter. It can already be seen that 
few samples experience more breakage than the commercial sample F2M1D2S2, i.e. 
samples F2M0D2S0 or F2M2D2S2 for velocities higher than 14 m s '1. However, a 
large number of samples experience far less breakage than the commercial sample, 
e.g. samples F0M0D1S1, F1M1D1S2, *Platelets’ and F1M1D2S2. In addition, for 
those best samples, it was necessary to carry out impact tests at very high velocities, 
as high as 26 m s' 1 in order to be able to measure any differences in the extent of 
breakage experienced by the particles during impact testing.
Rankings of the samples in terms of impact strength were carried out as for the 
crushing tests. In this case, a velocity of 20 m s'1 was chosen as reference for 
comparing the impact strength of the samples. However, not all the samples were 
tested at this impact velocity because some samples were already experiencing a very 
high extent of breakage at lower impact velocities and the number of particles 
available for testing was limited. This is the case for samples F2M0D2S0 and 
‘Fibres' after 1 and 5 impacts and for sample F2M2D2S2 after 5 impacts. An 
estimation of the extent of breakage was then calculated for samples F2M0D2S0 and 
F2M2D2S2 by fitting the available impact breakage data to a power law of the 
impact velocity. The results are given in Table 4.9. For the sample ‘Fibres \  as only 
one test was carried out and that the extent of breakage was within the same range 
as for sample F2M0D2S0, the estimated value obtained for this latter will be used. 
The rankings obtained are given in Fig. 4.30, where the dashed columns refer to the 
estimated values. As these estimated values are much higher than the attrition data 
for the other samples, the bars in Fig. 4.30 corresponding to these samples have been 
truncated in order to maintain a good comparison between the other samples.
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Figure 4.30: Ranking o f the samples o f catalyst carrier beads in terms o f  the extent o f  
breakage below 1.18 mm experienced after 1 impact (a) or 5 repeated impacts (b) at 20
m s '1
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Table 4.9: Estimation o f  the extent o f  breakage o f samples F2M0D2S2 and ‘Fibres’, 
after 1 and 5 impacts and o f sample F2M2D2S2 after 5 impacts at 20 m s'1.
Sample
After 1 impact After 5 impacts
Power law 
equation
% Attrition 
predicted
Power law 
equation
% Attrition 
predicted
F2M0D2S2 2x 1 (T V '4 25 9xlO°V‘'-' 100
F2M2D2S2 “ - 5x1 (T V '8 40
‘Fibres’ - -2 5 - - 1 0 0
After one normal impact, the four strongest samples are samples F1M1D1S2, 
‘Platelets’, F0M0D1S1 and F1M1D2S2, all experiencing less than 0.2 % of attrition 
when considering debris below 1.18 mm (see Fig. 4.29 (a)). Three of these samples 
were prepared with a level 1 of filler and a level 1 of macropores. Sample F0M0D1S1 
was prepared with no filler and no macropores but was slowly dried under humid 
conditions. The four weakest samples are samples F0M0D2S2, F2M2D2S2, Fibres’ 
and F2M0D2S0.
Sample F2M0D2S0 was prepared with a level 2 of filler and no macropores; sample 
F2M2D2S2 was prepared with a level 2 of filler and of macropores, samples F0M0D2S2 
was prepared with no filler and no macropores and sample fibres was prepared with a 
level 1 of fibres and no macropores.
After 5 impacts, the best four samples are the same as those after one impact but the 
ranking between the four samples is slightly different. Sample ‘Platelets’ is now 
stronger than die other samples F1M1D2S2, F1M1D1S2 and F0M0D1S1. The four 
weakest samples are the same as those after 1 impact.
From these rankings, it can be seen that the strongest samples are in general samples 
prepared with a level 1 of filler (Puralox or platelets but not fibres) and a small volume 
of macropores, or samples prepared with no filler and no macropores but slowly dried
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such as F0M0D1S1. The weakest samples under impact are in general the samples 
prepared with no filler and no macropores, with a high percentage of filler or with a high 
volume of macropores. The effect of the process parameters on the particle strength will 
be analysed independently in the following sections.
4.2.5.2 Effect o f  the surfactant
A small quantity of surfactant is added to the emulsion when the organic phase is 
introduced to create macropores in the particles. However, this may have a beneficial 
effect on the particle strength as it may help during the drying of the particles by 
reducing the surface tension of the liquid, and therefore decreasing the thermal stresses 
generated.
The effect of the surfactant concentration can be analysed by comparing the extent of 
breakage experienced by samples F0M0D1S0 and F0M0D1S1 or by F0M0D2S1 and 
F0M0D2S2. The comparison of samples F0M0D1S0 (level 0) and F0M0D1S1 (level 1) 
shows that the extent of breakage experienced by the sample prepared with some 
surfactant is lower than for the sample prepared without surfactant (see Fig. 4.31). 
Therefore, it seems that a small amount of surfactant could lead to an increase in the 
particle strength. However, the comparison of these two samples in terms of 
macrodefects shows that the sample prepared without any surfactant has a very high 
frequency of air bubbles. This means that the particles will have a higher probability of 
fracture during impact. It is therefore difficult to predict the direct effect of the 
surfactant on the particle strength.
The comparison of samples F0M0D2S1 (level 1) and F0M0D2S2 (level 2) both 
prepared with no filler, no organic phase and dried at 100°C, shows that the sample 
prepared with a level 1 of surfactant concentration, i.e. F0M0D2S1, is more resistant 
under impact loading than the sample prepared with a level 2 of surfactant for the 
highest impact velocity tested (see Fig. 4.31). Therefore, an increase in the surfactant 
concentration does not seem to lead to an increase in the impact strength. The analysis
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of these two samples by SEM shows that sample F0M0D2S1 has less air bubbles than 
sample F0M0D2S2. This could explain why sample F0M0D2S1 is stronger than sample 
F0M0D1S2 during impact testing at high velocities.
Impact velocity (m/s)
Figure 4.31: Effect o f the impact velocity and surfactant concentration on the extent of 
breakage experienced by samples F0M0D1S0 (level 0) and F0M0D1S1 (level 1) and 
samples F0M0D2S1 (level 1) and F0M0D2S2 (level 2) after one impact.
Therefore the presence of an optimum concentration o f surfactant seems to give a 
stronger sample in terms of impact strength. However, due to the big differences 
between the samples compared in terms o f macrodefects, it is difficult to predict if this is 
a true effect of the surfactant or if the surfactant has an effect on the macro-defects of the 
samples or if it has no effect at all.
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4.2.5.3 Effect o f  the filler
The use of three different alumina fillers (particles, micro-fibres and platelets) was 
evaluated in this work, in order to study their effect on the bead strengthening. For the 
reinforcement by particles, three levels of concentrations were tested, i.e. 0, 1 and 2. As 
described in Chapter 3, the particle filler have an irregular round shape and their size 
varies from 5 jam to 50 jam. In order to analyse the effect of filler concentration on the 
particle strength, the following samples can be compared:
• Samples F1M1D2S2 (1) and F2M1D2S2 (2),
• Samples F0M0D1S0 (0) and F1M0D1S0 (1),
• Samples F0M0D2S2 (0) and F1M0D2S2 (1) and F2M0D2S0 (2).
Samples F1M1D2S2 (level 1) and F2M1D2S2 (level 2) were both produced with a level 
1 of macropores and dried at high temperature. The extents of breakage experienced by 
these two samples are compared in Fig. 4.32. A decrease in the amount of filler leads to 
a consistent strengthening of the particles during impact. This may be due to weak 
bonding of the filler to the alumina matrix at high concentration leading to a weakening 
of the matrix instead of to its reinforcement. An optimum concentration of filler needs 
therefore to be used in order to obtain an increase in the catalyst strength by 
reinforcement.
The effect of the amount of filler can be further analysed by comparing the samples 
F0M0D1S0 (level 0) and FI MOD ISO (level 1), which were prepared with no organic 
phase and slowly dried under high humidity. It can be seen in Fig. 4.33 that after one or 
5 repeated impacts, the sample prepared with a level 1 of filler, i.e. F1M0D1S0, is 
slightly more resistant than the sample prepared without filler, i.e. F0M0D1S0. 
Therefore, the presence of a small amount of particle filler leads to an increase in the 
particle strength dining impact. In addition, similar frequencies of air bubbles were 
observed for these two samples, which strengthen the conclusions on the effect of filler 
on the particle strength.
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7Impact velocity (m/s)
Figure 4.32: Effect o f the impact velocity on the extent o f breakage experienced by 
samples F1M1D2S2 and F2MJD2S2 prepared respectively with a level 1 and 2 o f  
particle filler.
I -
00
V 3w'Cn
&
4 F0M0D1 SO (1 impact)
■ F1M0D1 SO (1 impact) o
‘ o - F0M 0D 1S0 (5 impacts)
- - Q -- F1M 0D 1S0 (5 impacts) P
&
10 11 12 13 14 15 16
Impact velocity (m/s)
17 18 19 20
Figure 4.33: Effect o f impact velocity on the extent o f breakage experienced by samples 
F0M0D1S0 and FI MODI SO prepared respectively with a level 1 and 2 o f particle filler 
after 1 impact (a) and 5 repeated impacts (b).
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The comparison of samples F0M0D2S2 (level 0), F1M0D2S2 (level 1) and F2M0D2S0 
(level 2) shows again that the particles that contain a level 1 of particle fillers are 
stronger than the particles prepared without any filler or with a level 2 of filler. 
However, SEM of polished particle sections shows that the sample prepared with a level 
1 of filler contains less air bubbles and cracks than the other two samples and that the 
sample prepared with a level 2 of filler contains many large air bubbles and internal 
cracks. Therefore this could also have an effect on the particle strength and minimise 
slightly the positive effect of the particle reinforcement by an optimal level of filler.
The effect of the level of particle filler used in the ceramic particles showed that in 
general, the presence of filler in the particle leads to the particle reinforcement as 
compared with a sample with no filler. However, if the amount of filler in the matrix is 
too high, i.e. level 2 , the presence of filler leads to a weakening of the particles, 
presumably due to weak bonds between the matrix and the filler particles.
In order to test the efficiency of the particles as reinforcement material, two other 
alumina filler materials were used with a concentration equivalent to the level 1:
• alumina micro-fibres of 2 to 5 pm in diameter and 10 to 100 pm in length,
• hexagonal a-alumina platelets of 10 to 15 pm in diameter and 1 pm in thickness. 
These two filler materials were presented in Chapter 3.
The sample with alumina fibres was prepared without organic phase and can be 
compared with the sample F1M0D2S2, which was prepared following the same 
procedure but with the particle filler. The impact results are shown in Table 4.10 
Sample ‘Fibres’ was tested only at one impact velocity, i.e. 10 m s '1, due to the limited 
amount available. The extent of breakage experienced by the sample with fibres after 1 
impact at 10 m s' 1 is equivalent to the extent of breakage experienced by sample 
F1M0D2S2 after an impact at 12 m s '1. Therefore, the fibres seem to be a less effective 
reinforcement material than the particle filler. In addition, after 5 impacts, the 
cumulative extent of breakage experienced by the sample 'Fibres’ is almost 10 times the 
one experienced by sample F1M0D2S2. This weakening effect of the fibres may be due
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mainly to the high concentration of large particles within the fibre samples, referred as 
‘shots’. This lead to emulsion and shaping problems during the manufacturing process. 
The beads formed show a large number of big cavities and a heterogeneous structure, 
which leads rather to a general weakening of the particles than to their reinforcement, as 
observed during impact.
Table 4.10: Comparison o f the extent o f  breakage experienced by the samples Fibres’ 
and F1M0D2S2 which were respectively prepared with fibres and particle filler.
Impact results Sample ‘Fibres’ 
Impacted at 10 m s"1
Sample F1M0D2S2 
Impacted at 12.3 m s 1
% Debris after 1 impact 0.10 0.12
Cum. % Debris after 5 impacts 2.95 0.32
Short alumina fibres have been extensively used in the ceramic industry in order to 
increase the particle strength due to an observed increase in the fracture toughness. 
Bianchi et al. (1997) used carbon fibres to reinforce glass ceramic. They observed that 
due to the differences in the thermal expansion coefficient between the matrix and the 
fibres, microcracks may appear on the fibre-matrix interface, showing the importance of 
the fibre-matrix bond. Wang (1998) showed that adding a small percentage of synthetic 
fibres could reinforce concrete. He described the mechanism of fibre bridging within 
the matrix. If good bond properties and an optimum distribution of the fibres are 
obtained, the fibres will create resistance to crack propagation and crack opening before 
being debonded and pulled out or stressed to rupture. Wang (1998) explained that the 
major mechanism that contributes to higher toughness is the fibre pull out mechanism, 
as debonding requires a high level of energy. Wang et al. (1991) showed that with 20 
vol. % of short alumina fibres, a sharp increase in the fracture toughness of ceramic 
composite was observed. However, the particle hardness tends to decrease due to an 
increase in the particle porosity. This is due to the high level of fibre agglomeration in 
the matrix, leading to the formation of pores and cracks. Weak bonding between the
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fibres and the matrix is also observed due to the formation of voids or microcracks 
around the interface.
Therefore, stronger catalyst particles may be prepared by reinforcement with short 
alumina fibres. However, this requires the use of a sample free of shots and to allow a 
good dispersion of the fibres before incorporating them into the sol to avoid the 
formation of aggregates and to allow a good dispersion of the fibres within the matrix. 
Further tests should be carried out with a sample of alumina micro- fibres, which do not 
contain any “shots” or non fibrous content, such as the ones used by Wang et al. (1991).
The sample with alumina platelets was prepared with a level 1 of macropores and dried 
at high temperature. Therefore, the effectiveness of the particle filler and platelets can 
be analysed by comparing the samples 'Platelets’ and F1M1D2S2. The extent of 
breakage experienced by the two samples is presented in Fig. 4.34. It can be seen that 
after one impact, the extent of breakage experienced by the two samples is very similar 
up to an impact velocity of about 24 m s' 1 with the sample prepared with platelets being 
slightly more resistant than the other one. However, for velocities above 24 m s '1, the 
sample prepared with particle filler seems to experience slightly less breakage. As the 
filler acts as a reinforcement material, it is interesting to analyse its effectiveness after 
several impacts. The cumulative breakage after 5 impacts was also plotted in Fig. 4.34. 
It can be seen that after 5 impacts, the sample prepared with platelets is slightly more 
resistant than the one prepared with particle filler in the range of velocities tested, i.e. 14 
to 26 m s '1. This suggests that the platelets act as a better reinforcement material than 
the particles.
These hexagonal monocrystalline a-alumina platelets, produced by Elf Atochem 
(France), have been recently used extensively for ceramic reinforcement due to the high 
health hazards involved with short ceramic fibres. The platelet shape allows a particle 
reinforcement, which is comparable to the one obtained with short fibres despite the 
differences in the failure mechanism. Massardier et al. (1995) have shown that the
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failure in these type of composites is initiated by the separation of the platelets initially 
joined side by side along their large faces and oriented perpendicular to the tensile axis. 
This requires a high level of local deformation in the matrix and therefore leads to the 
absorption of the elastic strain energy available for crack propagation. Lagrange and 
Colomban (1998) and Gautier et al. (1997) showed that an increase in the fracture 
toughness is observed with the introduction of 20 to 30 wt. % platelets. Crack 
deviations at the platelet-matrix interface were observed by Lagrange and Colomban 
(1998) as well as crack propagation in case the bonding of the platelet to the matrix was 
very high. Gautier et al. (1997) showed that the platelets tend to remain agglomerated 
within the matrix despite a preliminary dispersion of the platelets in demineralised water 
containing a small percentage of deflocculant agent. It was also observed in our case, 
that the platelets were not homogeneously dispersed within the bead, as some large 
aggregates could be seen (see micrographs in Appendix B). From the work of Gautier et 
al. (1997), it can be suggested that the reinforcement of the beads by platelets could be 
improved if they were more uniformly dispersed within the beads.
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Figure 4.34: Effect o f the impact velocity and filler type on the extent o f breakage 
experienced by samples 'Platelets’ and F1M1D2S2 after 1 (a) or 5 (b) repeated impacts 
considering the percentage o f broken particles.
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The comparison of the three filler materials shows that a high level of particle 
reinforcement can be obtained with both the particle filler and the platelets. The sample 
prepared with alumina fibres shows a very low strength under impact. This is mainly 
due to the poor bonding between the matrix and fibres. In addition the size distribution, 
for both the fibre diameter and length and the presence of shots led to problems during 
the phase of gel formation in the manufacturing process. The alumina platelets and the 
particle filler have the advantage of being more isotropic as opposed to the fibres. 
Therefore, they will be able to interact and stop or deviate any crack that is propagating 
through the particle, leading to a high efficiency in the particle reinforcement, 
particularly because the beads in the reforming unit will not have any preferred loading 
or impact direction. Finally the presence of filler seems to lead to a decrease in the 
number of air bubbles generated within the particles during the manufacturing process, 
as shown for example by the comparison of samples F0M0D2S2 and F1M0D2S2.
4.2.5.4 Effect o f  the volume o f macropores
Macropores are introduced into the catalyst particles in order to enhance the flow of 
liquid within the particles and ease the access to the micropores. However, the presence 
of the macropores reduces the particle strength (Knudsen, 1959; Liu, 1997). Therefore 
an optimum level should be used. Liu (1997) showed that a ceramic material with larger 
pores is weaker than another ceramic prepared with the same pore fraction but with 
smaller pores. The effect of macroporosity on the particle strength of catalyst carrier 
beads was also analysed by impact testing. The following samples were compared in 
order to analyse the effect of macroporosity on the extent of breakage:
• F2M0D2S0 (level 0), F2M1D2S2 (level 1) and F2M2D2S2 (level 2),
• F1M0D2S2 (level 0) and F1M1D2S2 (level 1),
• F1M0D1S0 (level 0) and F1M1D1S02 (level 1).
The results of impact breakage for the first three samples, i.e. F2M0D2S0 (level 0), 
F2M1D2S2 (level 1) and F2M2D2S2 (level 2), are presented in Fig. 4.35. These
145
samples were all prepared with a level 2 o f particle filler and dried at high temperature. 
After one impact, the three samples experience different breakage in the range o f 
velocities tested. Sample F2M2D2S2, which has the highest level o f macroporosity, 
seems to be the strongest sample under normal impact up to a critical velocity o f 12 ms'
1 where the breakage is below 0.1 %. At the higher impact velocity o f about 14 m s'1, 
the slope o f curve for sample F2M2D2S2 suddenly increases leading to a stronger 
influence o f the impact velocity on the extent o f breakage. Sample F2M0D2S0, with no 
macropores, experiences more breakage than sample F2M1D2S2 which was prepared 
with a level 1 o f macropores.
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Figure 4.35: Effect o f the impact velocity and level of macroporosity on the extent of 
breakage experienced by the catalyst carrier beads after one and five repeated impacts. 
F2M0D2S0 has no macropores, F2M1D2S2, a level 1 of macropores and F2M2D2S2, a 
level 2 of macropores.
It is also interesting to compare the strength o f the three samples after five repeated 
impacts in order to analyse the effect o f fatigue. This depends on the velocity at which 
the particles were impacted. Under low impact velocities, e.g. below 14 m s'1 for sample
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F2M2D2S2, the breakage experienced by the particles during 5 impacts is very low and 
comparable to the breakage experienced by sample F2M1D2S2 after 1 impact only. 
However, under higher impact velocities, the particles are weakened by each impact, 
leading to a big increase in the impact breakage, e.g. from 0.27 % after the first impact 
to 6.76 % after five impacts for sample F2M2D2S2 at 14.3 m s~f. Therefore, the 
percentage of attrition experienced by sample F2M2D2S2 becomes higher than for 
sample F2M1D2S2. After 5 repeated impact tests, sample F2M0D2S0 experienced still 
more breakage than sample F2M1D2S2.
It may be concluded that a sample with a high level of macroporosity as sample 
F2M2D2S2 may be very resistant to impact breakage and will not experience a high 
level of fatigue if the impact velocity remains below a critical velocity. This critical 
velocity is about 12 m s"1 for sample F2M2D2S2. Analyses of polished particle sections 
by SEM showed that the samples present different characteristics in terms of macro­
defects, which may be equally or more important than the macroporosity in affecting the 
impact strength. Particles from sample F2M1D2S2 contain few cavities and cracks. 
However, sample F2M0D2S0 contains many air bubbles and deep cracks, which could 
explain its poor strength under impact testing. Sample F2M2D2S2 presents also cracks 
and air bubbles. The air bubbles are in general bigger but fewer than the ones observed 
in sample F2M0D2S0. The cracks are microcracks generated due to the high level of 
macroporosity. Therefore, the comparison of the strength of these 3 samples in terms of 
macroporosity effect may be directly influenced by these defects and it is therefore 
inconclusive.
The comparison of samples F1M0D2S2 (level 0) and F1M1D2S2 (level 1) or samples 
F1M0D1S0 (level 0) and F1M1D1S2 (level 1) also shows that the particles with some 
macropores are slightly stronger than the other ones. However, differences in the 
macrodefects may slightly affect these results.
In conclusion, the impact test results show that the presence of an average level of 
macropores in the alumina matrix seems to lead to an increase in the particle strength
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under impact testing. However this parameter is difficult to assess based on the 
available samples due to the differences in terms of macro-defects among the samples 
used in the study. It seems that the presence of the organic phase or surfactant helps in 
reducing the amount of air bubbles in the particles as shown by the comparison of 
samples F1M1D2S2 and F1M0D2S2 or samples F1M1D1S2 and F1M0D1S0.
4.2.5.5 Effect o f  the drying procedure
The drying stage is expected to play an important role on the particle strength of the 
sample as the ratio of the initial to final particle volume is about 5 for these beads. This
volume reduction will lead to build-up of stresses within the particles that may lead to
the formation of cracks as observed in sample F2M0D2S0. The samples are commonly 
dried at 100 °C for 16 hours. In this work, drying tests at 30 °C for 48 h with a relative 
humidity of 70 % were also performed.
The effect of the drying procedure can be analysed by comparing the extent of breakage 
experienced by the following samples:
• F1M1D1S2 (30°C) and F1M1D2S2 (100°C),
• F1M0D1S0 (30°C) and F1M0D2S2 (100°C),
• F0M0D1S1 (30°C) and F0M0D2S1 (100°C).
The comparison of samples F1M1D1S2 (30°C) and F1M1D2S2 (100°C), which were 
both prepared with a level 1 of filler and macropores, shows that after one impact, the 
two samples experience a very low extent of breakage during impact (see Fig. 4.36). 
Sample F1M1D1S2 experiences slightly less breakage than sample F1M1D2S2. For 
example, after one impact at 20 m s '1, the extent of breakage experienced by sample 
F1M1D1S2 is 0.03 %, whereas it becomes 0.2 % for sample F1M1D2S2. For higher 
impact velocity, the differences between the two samples is slightly clearer, especially 
when looking at the cumulative percentage of breakage after 5 impacts. It can be seen 
that a decrease in the drying rate leads to an increase in the particle strength. In addition,
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both samples present similar results after analyses by SEM of polished sections, which 
validates the results on the effect of the drying procedure.
The comparison of samples FI MOD ISO (30°C) and F1M0D2S2 (100°C) or samples 
F0M0D1S1 (30°C) and F0M0D2S1 (100°C) also shows that a decrease in the drying 
rate leads to a decrease in the extent of breakage experienced by the particles during 
impact. However, the influence of the drying rate may be reduced due to the high 
frequency of air bubbles in the sample FI MOD ISO (30°C) on one side and the lower 
frequency of air bubbles in F0M0D1S1 (30°C) on the other side.
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Figure 4.36: Effect o f the impact velocity and drying procedure on the extent o f  
breakage experienced by samples F1M1D1S2 (30°C) and F1M1D2S2 (100°C), after 
one and five repeated impacts.
A decrease in the drying rate has a positive effect on the particle strength, especially 
when the particles are prepared with a filler material. This may be explained by the fact 
that more thermal stresses are built up during the drying stage when the particles contain 
filler material than when the matrix is only made of pseudo-boehmite particles.
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Therefore, a slower drying will have a bigger effect for these samples prepared with 
filler material. In addition, a slower drying may help in reducing the percentage of air 
bubbles within the particles by allowing them to close up during the shrinkage occurring 
during the drying phase.
4.2.5.6 Effect o f  the macro-defects
It was observed that the analysis of the effect of the process parameters on the particle 
strength is difficult in some cases due to the direct effect of the macro-defects such as 
cracks and air bubbles that can be found in the particles. In this section, an analysis will 
be carried out in order to determine the effect of these bubbles or cracks on the extent of 
breakage under impacts.
• Effect of air bubbles
The information on the sample characteristics in terms of macro-defects was presented 
in Chapter 3. For only two out of the 13 samples analysed, i.e. samples F1M1D1S2 and 
F1M1D2S2, no air bubbles were found on the particle sections analysed by SEM. These 
two samples were prepared with a level 1 of particle filler and of macropores and 
showed very high resistance to breakage under impact. Samples F2M1D2S2, 
F0M0D1S1 and ‘Platelets' have also a very low frequency of particle sections with air 
bubbles, i.e. lower than 0.1, according to the SEM analysis. These two samples are also 
among the best samples under impact testing. Many samples have a number frequency 
of particles with air bubbles higher than 0.8, according to the SEM analysis of particle 
sections, i.e. samples F2M0D2S0, F0M0D2S2, F0M0D1S0, F1M0D1S0 and ‘Fibres '. 
These samples tend to experience a relatively high extent of breakage under impacts. 
Therefore, it seems that the presence of air bubbles weakens the particles under impact 
testing.
In addition, the number of air bubbles within each particle will also have an effect on the 
particle strength as the probability of the bubbles of being near the impact zone or on the 
fracture plane will be higher if the particle contains more bubbles. This analysis is 
statistically dependent on the number of particles tested and also on the section plane
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analysed by SEM. For example, samples F1M0D2S2 and F0M0D2S1 had a very small 
number of air bubbles per particle section, i.e. below 5. However, this number can be as 
high as 40 for sample F2M0D2S0. In addition, air bubbles are in general not uniformly 
distributed within the particles. When large air bubbles are close to each other they will 
have an increased effect on the particle strength such as in sample F2M2D2S2 or sample 
F2M0D2S0 (see Appendix C). For some samples, the air bubbles tends to be located 
close to the external surface, which will increase their weakening effect on the particle 
strength during impact or compression.
In order to analyse the effect of the air bubbles, the impact results presented in Fig. 4.29 
will be further analysed based on the results from the SEM analysis of air bubbles within 
the catalyst beads. Sample F2M0D2S0 has the largest number of air bubbles per bead 
section and it can be seen in the summary graph of Fig. 4.29 (b) that after 5 repeated 
impacts, the extent of breakage experienced by F2M0D2S0 particles at 12 m s' 1 is about 
12 %, which is more than the breakage experienced by any of the other samples in this 
range of velocities. Therefore, the presence of a large number of air cavities leads to a 
decrease in the particle strength. The presence of air cavities also leads to a decrease in 
the particle density and to heterogeneity in the particle structure. During impact, if some 
air bubbles are within the impact zone, it is suspected that the particle will break easier. 
Figure 4.37 (a-b) shows fragments of sample F1M0D2S2 after impact, where large air 
cavities near the impact zone have led to the particle fracture. In the case of Fig. 4.37 
(c), the fracture initiated most probably internally due to the presence of few large air 
cavities on the fracture plane. Figure 4.37 (d) shows a different aspect of the effect of 
large cavities for the case of sample F2M2D2S2, which was prepared with a very high 
level of macropores and where many large air bubbles can be found. During impact, the 
particle collapsed presumably due to its very loose structure. This change in the failure 
mode caused by the high porosity and macrodefects could explain the differences 
observed in the curve of extent of breakage as function of impact velocity for sample 
F2M2D2S2. Up to 14 m s '1, sample F2M2D2S2 experienced very limited breakage 
during impact. It showed an extent of attrition as low as some of the best samples such 
as F1M1D2S2. This is because of the pattern of deformation as shown in Fig. 4.37 (d),
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and that the particles experience mainly chipping at these impact
velocities (see Fig. 4.37 (e)). However, for impact velocities above 14 m s'1, there was a 
sudden increase in the extent of breakage, showing a transition in the breakage pattern 
where the particles start experiencing fragmentation. The development of meridian and 
oblique cracks can be observed in Fig. 4.37 (f). However, these cracks did not propagate 
through the particle during the first impact, probably due the interactions with large 
cavities, pores or with the filler material. The presence of these large cracks could lead 
to the particle fragmentation during further impacts.
The impact results o f sample F0M0D2S2 and F0M0D2S1 shows that both samples 
experienced similar extents of breakage for impact velocities up to 14 m s' 1 (see Fig. 
4.29). However, it can be seen that sample F0M0D2S1 is stronger than F0M0D2S2 
after one impact at 20 m s’1. This may be due to the fact that sample F0M0D2S1 
presents less beads with air bubbles than sample F0M0D2S2 in addition to a lower 
frequency of air bubbles per beads.
(a) Sample F1M0D2S2 (b) Sample F1M0D2S2
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(c) Sample F0M0D2S1 (d) Sample F2M2D2S2
(e) Sample F2M2D2S2 (f) Sample F2M2D2S2
Figure 4.37: Effect o f the air hubbies on the mechanism of breakage o f catalyst carrier 
beads o f samples F1M0D2S2 (a-b), F0M0D2S1 (c) and F2M2D2S2 (d-fl.
The comparison o f the impact results of sample F0M0D1S0, which has a high frequency 
of particles with air bubbles with sample F0M0D1S1, which has a small number of 
particles with air bubbles, shows again that the samples which have less air bubbles 
experience less breakage during impact.
153
In conclusion, the presence of air bubbles which are generated during the formation of 
the sol into a gel leads to a general weakening of the particles and to a decrease in their 
resistance under impact. These air bubbles can be reduced by a longer degassing time 
which is possible if the stage of gelation is slow. This can be controlled by the 
amount of peptizing agent introduced into the boehmite emulsion. Finally, it seems that 
less bubbles are formed when some filler particles and some organic phase are 
introduced into the emulsion or when the particles are slowly dried.
• Effect of pre-existing cracks
Pre-existing cracks within the particles have a direct effect on the particle strength. If 
the particles are subjected to tensile stresses, as during impact, theses pre-existing cracks 
may propagate and lead to the catastrophic failure of the particle. The frequency of the 
presence of cracks within the catalyst beads was also presented in Chapter 3. Some 
samples, e.g. F1M1D1S2 and F0M0D1S1, did not have any cracks. However, a large 
number of cracks were observed in samples F2M0D2S0, F2M2D2S2, and F0M0D2S1. 
SEM analysis of the polished sections showed that cracks in the sample F2M2D2S2 
were microcracks, which may have been created due to a large amount of organic phase 
introduced into the emulsion, leading to the generation of larger thermal stresses during 
the drying process. The cracks that can be found in the other samples, i.e. F2M0D2S0 
and F0M0D2S1, are in general longer cracks, and they are sometimes as long as the 
particle diameter. The three samples quoted previously, i.e. samples F2M0D2S0, 
F2M2D2S2, and F0M0D2S1, experience very high extent of breakage as compared with 
the two samples that have no cracks, i.e. F1M1D1S2 and F0M0D1S1. Therefore, the 
presence of cracks also leads to a general weakening of the particles during impact.
4.2.6 The best samples in terms of particle strength
Thirteen samples were compared in section 4.2.5 in order to optimise the manufacture of 
the catalyst beads in terms of filler, macropores, surfactant and drying. Three samples 
were selected as the best samples due to the considerable decrease in the percentage of 
attrition experienced during impact, i.e. samples F0M0D1S1, F1M1D1S2 and
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Platelets’. The two last samples were prepared with a level 1 of filler material; sample 
F1M1D1S2 was prepared with particle filler and sample ‘Platelets’ was reinforced with 
alumina platelets. They both had a level 1 of macropores. The third sample, 
F0M0D1S1, was prepared with neither filler nor organic phase. Therefore, the particle 
structure of these three samples is quite different and will lead to differences in the 
breakage pattern. In addition samples F0M0D1S1 and F1M1D1S2 were slowly dried 
under humid conditions, whereas sample ‘Platelets’ was dried at 100 °C.
The extents of breakage experienced by these three samples under impact can be 
compared and contrasted with the commercial sample F2M1D2S2 in Fig. 4.38.
Impact velocity (m/s)
Figure 4.38: Effect of impact velocity on the extent of breakage experienced by the 
commercial sample and the three best lab-scale samples.
The extent of breakage experienced by these three samples is considerably lower than 
the breakage experienced by the commercial sample. For example, after an impact 
velocity o f 20 m s '1, the commercial sample experienced an extent o f breakage of about 
3 %, based on the criterion of mass fraction below 1.1.8 mm. This extent of breakage is 
reduced to about 0.01 % for the three best samples. The comparison of these values
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gives an estimation of the gain in particle strength obtained during this project, leading 
to an increase in the lifetime of catalyst beads. This will further lead to an increase in 
the performance of the reforming unit and to a decrease in its running costs.
The three best samples seem to experience similar extent of breakage during impact with 
slightly more breakage for the samples prepared without filler, i.e. F0M0D1S1. In order 
to be able to compare better these three samples and the effect of the different structure 
on the particle strength, the attrition data after 1 and 5 impacts will be compared based 
on the two criteria of attrition used in this work in Fig. 4.39. Different scales have been 
used for each graph of Fig. 4.39 in order to be able to highlight the differences between 
the three samples. After one impact, when the criteria based on the percentage of debris 
below 1.18 mm is considered, the sample prepared with particle filler seems slightly 
more resistant than the two other samples, and the samples prepared with no filler is the 
weakest of the three. When the total percentage of broken particles is considered, this 
ranking is still valid for impact velocities lower than 24 m s'1. For impact velocities 
larger than 24 m s'1, the sample prepared with no filler experiences less breakage than 
the two other samples. This suggests that the damage experienced by sample 
F0M0D1S1 is more localised than for the other samples, i.e. chipping mechanism as 
shown in Fig. 4.40 (a), and it generates less large fragments. In addition, for velocities 
above 24 m s '1, the structure of particles containing filler seems to be unable to absorb 
the energy of impact and it cannot withstand such high impact stresses. A change in the 
slope of the attrition curves is observed for the two samples prepared with filler as 
compared with the linear curve obtained for sample FOMOD1S1. After 5 impacts, 
similar rankings are observed. Sample ‘Platelets ’ has the least breakage at low impact 
velocities. However, a transition in the particle behaviour is again observed at about 24 
m s '1. After 5 impacts, the difference between the three samples is less important than 
after only one impact, with sample F0M0D1S1 experiencing more breakage during the 
first impact, presumably due to the breakage of the weakest particles within the sample.
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Figure 4.39: Effect o f impact velocity on the extent of breakage experienced by the three 
best samples.
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Therefore, the presence o f filler particles leads to an increase in the particle strength 
under impact testing. For impact velocities up to 24 m s'1, the extent of breakage 
experienced by the two samples prepared with filler is very low indeed and it increases 
very smoothly with an increase in the impact velocity. However, above the critical 
impact velocity, the particle structure is not anymore sufficiently strong to resist such 
high impact stresses.
For the case of sample F0M0D1S1, which is prepared with no filler and no macropores, 
a more gradual increase in the extent of breakage with an increase in the impact velocity 
is observed. Under low impact velocities, a larger number of particles break, but there is 
no transition behaviour as observed with the two other samples. These higher extents of 
breakage at low velocities may be due to the presence of few air bubbles within the 
sample as shown on the scanning electron micrographs in Fig. 4.40 (b). The number of 
air bubbles within this sample is expected to be very low, as no particle section with air 
bubbles was observed during the SEM analysis of macro-defects. However, this may be 
due to statistically inadequate number of samples that were examined by SEM, because 
the analysis o f few fragments produced during impact shows that some particles in fact 
have a few air bubbles.
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4.2.7 Discussion and conclusion on the impact testing work
Impact tests have been carried out in this work first mainly with the commercial sample 
F2M1D2S2 in order to understand why the catalyst particles break in the reforming 
units. Preliminary impact tests showed that the particles experienced limited breakage 
after one impact at the velocities the particles may impact in the industrial unit, i.e. from 
2 to 10 m s '1. However, if the impact is repeated a large number of times on the same 
sample of particles, then significant breakage can be observed. In general, particles, 
which are weakened by large macro-defects, will tend to break during the first impacts. 
Therefore, problems in a reforming unit may appear even with a new batch of catalyst 
particles due to the heterogeneity in the particle strength and therefore due to the 
presence of weak particles. Recording of the impact sequences was carried out in order 
to analyse the mechanism of breakage at different impact conditions, i.e. velocity, angle. 
Even at low impact velocities, fragmentation of particles was observed together with a 
limited number of chippings. This is due to the brittle failure mode of the particles, 
which have a heterogeneous strength, as controlled mainly by the flaws or defects within 
the particle.
In order to analyse the effect of the particle manufacturing parameters on the particle 
strength as part of an optimisation process, tests at higher impact velocities than the ones 
estimated from the industrial unit were performed. This allowed higher levels 
of attrition and therefore statistically more reliable data. As the particles break by brittle 
failure, a large number of particles have to be tested. In this work, more than 4000 
particles were used for each test with the impact test rig described in Fig. 4.12, and more 
than 25000 particle were used for the fatigue tests at 2 and 3.6 m s '1. Some impact tests 
were repeated for several samples, and particularly for the commercial one. Some 
spread in the extent of breakage can be observed for a given impact velocity or 
fluctuations in the trend of the attrition curve as shown in Fig. 4.41. However, this 
appears to be not too significant.
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In addition, changes in the experimental techniques had to be carried out with respect to 
the previous work of Papadopoulos and Ghadiri (1996). As no clear transition between 
the chipping and fragmentation regimes was observed, the criterion used to measure the 
extent of breakage based on the amount of debris was not sufficient. Due to the good 
sphericity of the particles tested, a vibratory table was used to measure the percentage of 
broken particles. In general, the sets of data obtained from using either only one sieve 
or also the vibratory separation, followed the same trend as shown in Fig. 4.18 for the 
commercial sample. However, large fragments may also lead to operational problems in 
the industrial units and the percentage o f broken particles is a valuable information for 
the analysis o f the strength of a sample.
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Figure 4.41: Analysis o f  the statistical reliability o f  the impact results fo r  two samples.
By changing the manufacturing process and the formulation, such as the concentration 
o f filler, the volume of macro pores and the drying procedure, a considerable increase in 
the particle strength may be obtained. Very strong samples were obtained with a lower 
concentration o f filler than that of the commercial sample and a slower drying. In 
addition, it was shown that the choice of the filler material could also be optimised in
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order to obtain a more efficient particle reinforcement. The preliminary test carried out 
with alumina platelets gave as good or even better results than the best sample prepared 
with particle filler. An optimisation of the manufacturing process in terms of the platelet 
dispersion and the drying is expected to lead to stronger samples. In general an increase 
in the particle strength was observed with a decrease in the drying speed. A sample 
prepared with no filler, no macropores and slowly dried was also among the best 
samples. However, it was observed that the level of macro-defects, and especially of air 
bubbles was more difficult to control with these types of samples. As the particles with 
air bubbles or cracks were in general the first to break during impact, it is important to 
try to avoid generating these types of defects within the particles. A longer de-gassing 
can help in reducing the number of air bubbles. In addition, a small percentage o f filler 
material, i  e. a level 1 of platelets or particle filler, and a small volume o f macropores 
and a slow drying under high humidity will lead to stronger particles.
4.3 Discussion on single particle tests
Quasi-static and impact tests were carried out in order to characterise the particle 
strength of the commercial sample of catalyst carrier beads and to analyse the effect of 
the particle manufacturing parameters on the particle strength. Quasi-static testing is 
commonly used in the industry to characterise the strength of catalyst particles (Adams 
et a l , 1974; ASTM D4179, 1982). A large number of particles need to be tested in 
order to obtain a reliable strength distribution. It was shown that an average value may 
not be sufficient in order to characterise the particle strength. The width of the 
distribution and specially the frequency of weak particles are important information as 
the particles that break under a low crushing load are expected to break first in the 
reforming units, leading to operational problems in the early stage of the use of a new 
catalyst batch. However, catalyst carrier beads experience impacts in the reforming unit, 
especially in the pneumatic conveying system, and the quasi-static testing may not be 
the most appropriate test to determine the strength of catalyst particles. The strength of 
materials with a brittle failure mode is strongly dependent on the presence of micro- and
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macro-defects such as cracks, cavities (Lawn, 1993). However, the effect of these 
defects on the particle strength is not usually sensitive to the strain rate at which the 
particles are loaded. Nevertheless, this is an important feature which needs to be 
ascertained with more confidence.
Under quasi-static testing, it was shown that the strongest samples in terms of average 
values are samples that were prepared with no filler and no macropores such as sample 
F0M0D1S1 and F0M0D2S1. These samples have also a very large standard deviation, 
which means that a large number of particles have also very low crushing strength. 
F0M0D1S1 is the only sample, which has no beads with a crushing strength below 25 N. 
However samples F0M0D2S1 has 2.5 % of beads with a crushing strength below 25 N. 
This is a higher percentage than the ones obtained for other samples with a lower 
average value such as samples F1M1D1S2, ‘Platelets’, F0M0D1S0, F1M0D1S0 and 
F1M1D2S2. The comparison of these quasi-static results with the impact curves shows 
that among the two best samples according to the quasi-static testing, i.e. samples 
FOMOD1S1 and F0M0D2S1, only sample F0M0D1S1 shows good resistance to impact 
breakage and this sample is also among the three best samples under impact testing. 
Among the samples with a low percentage of weak particles, some samples are fairly 
resistant under impact, i.e. samples F0M0D1S0 and F1M0D1S0 or are among the best 
samples, i.e. samples F1M1D1S2, 'Platelets’ and F1M1D2S2. It is interesting to note 
that the average crushing strength of these three last samples is relatively low as 
compared with that of sample F0M0D1S1. It is equal to 62 N for sample F1M1D1S2, 
49 N for 'Platelets’ and 48 N for F1M1D2S2, whereas F0M0D1S1 has an average 
crushing strength of 123 N.
The comparisons of the strongest and weakest samples according to the two test methods 
show that no direct relationship can be established between an average crushing strength 
and extent of breakage under impact. Samples with a relatively low average crushing 
value may experience little breakage under impact. However, the use of the percentage 
of the weakest particles in the sample seems to be an additional parameter, which can 
help in comparing the results from the two test methods. In a single particle crushing
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strength test, each particle is loaded between the platens until the particle breaks, 
whereas in an impact test, a large number of particles are impacted at the same impact 
velocity, and only the weakest particles are expected to break during impact. It is 
expected that the higher the percentage of weak particles according to the SCS test, the 
higher would be the extent of breakage during impact. In addition, the presence of 
macro-defects such as air bubbles or cracks may have a different effect under quasi­
static and impact loading. The ranking obtained for the 13 samples tested based on the 
percentage of particles with a crushing strength below 15 N for the quasi-static tests and 
011 the percentage of attrition after an impact at 20 m s' 1 for the impact tests are 
compared in Fig. 4.42.
The two rankings are not exactly similar', but similar trends can be observed which 
seems to confirm that a comparison between the two techniques may be possible based 
on the percentage of weak particles rather than on the average values for the quasi-static 
data.
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Figure 4.42: Comparison o f the ranking o f the particle strength o f  the 13 samples 
obtained by impact (a) and quasi-static (b) testing.
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An estimation of the maximum impact force during impact could help in understanding 
further the differences between the results obtained from the two single particle tests and 
in confirming our hypothesis. For an elastic-plastic impact, the maximum impact force 
is given by Ning (1995) following a mathematical treatment of the impact process by 
Ning and Thornton (1993), where Hertz analysis is used to describe the pre-yield 
behaviour and a coupled elastic-plastic analysis is used to describe the post-yield 
behaviour. The maximum impact force, F, at an impact velocity, V, is given by:
Fv
V/2
(4.12)
where FY and VY are the impact force and velocity at the onset of yield, respectively, 
given by:
and
n 'R ' p i
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w
(4.13)
y /2
p5/2
where 1/R = 1/Ri+1/R2, 1/E =( 1 -v 12)/E i+(1 -V22)/E2, Py is the limiting contact 
pressure, p  is the particle density, v is the Poisson ratio and subscripts 1 and 2 refer 
to the two impacting bodies. In this case, R=Rj and 1/E*= (1-vi2)/Ei because the 
tai’get is flat and much stiffer than the particles. To use the above equations, it is 
necessary to estimate the value of yield stress for the particles. One way is to express 
the yield stress, Y, as function of the hardness, H, by:
Y = H /  3 (4.14)
as the hardness of the particles tested was measured by indentation fracture and 
presented in Chapter 3. The calculations^ were performed for the commercial sample 
F2M1D2S2, for which the data are compiled in Table 4.11.
* The results o f the calculations as given on the following page, are based on the yield stress, whereas 
the latter analysis by Thornton and Ning (1998) has shown that the appropriate parameter to use is Py. 
Nevertheless, the values given overleaf in the text are based on the value o f the yield stress, Y.
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Table 4.11: Parameters for sample F2M1D2S2 used to estimate the impact force.
Parameters Values for sample F2M1D2S2
Particle density (kg m'3) 1100
Equivalent Young’s modulus (GPa) 11.7
Particle hardness (GPa) 0.32
Particle radius (m) 0.00095
Based on the data of Table 4.11 and Eqns 4.12 and 4.13, the impact force and velocity 
at the onset of yield are respectively 0.041 N' and 0.040 m s’1^ . Therefore, this gives a 
maximum impact force of 11.2 N' at an impact velocity of 10 m s"1 and 22.5 N i_ at 20 m 
s '1. Due to the difficulty in estimating the yield stress for brittle particulate solids, these 
impact forces should be checked experimentally by measuring the impact force of the 
particles impacting a target by using a force transducer. However it is still possible to 
compare the crushing test results with the impact ones based on the following 
calculation steps. At a given impact velocity, the impact force is calculated. The 
cumulative percentage of particles that break when a force smaller or equal to the 
calculated value is applied on the particle is calculated based on the crushing strength 
distribution of the sample. This percentage can then be compared with the extent of 
attrition, based on the total percentage of broken particles, experienced by the particles 
at the given impact velocity. This is shown in Fig. 4.43, where it can be seen that both 
sets of data follow similar trends for the range of velocities tested. Therefore, the 
particle strength of the commercial sample F2M1D2S2 seems not to be strain-rate 
dependent. This is in agreement with the findings of Shipway and Hutching (1993 a) for 
glass particles.
This is an interesting set of results, which shows that the data obtained from the two tests 
can indeed be related based on the estimation of the impact force and the determination 
of the probability of failure at this impact force given by a cumulative strength 
distribution. However, it is important to ensure that the results are statistically reliable, 
and this is a limiting factor for the quasi-static data as it is time-consuming to test a large
1 see footnote on page 166.
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number of particles. To estimate the particle breakage at a given impact force, only the 
part o f the crushing strength distribution corresponding to the lowest values are used. 
Therefore, it is important to carry out a sufficient number of crushing tests. The 
crushing data used in Fig. 4.43 are based on the crushing of 800 particles and it can be 
seen in Fig. 4.44 that with a smaller number of particles, the comparison between the 
quasi-static and impact data was not that good. Therefore, the crushing strength test is 
less reliable from a statistical point of view due to the smaller number of particle tested 
than the impact test.
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Figure 4.43: Effect o f strain rate on the mechanical strength o f  beads from the 
commercial sample F2M1D2S2.
The same analysis was carried out for a limited number o f samples for which the 
material properties, i.e. Young’s modulus and hardness were measured. This analysis is 
presented in Appendix H. Similar conclusions were drawn for sample F1M1D2S2. 
However, for impact velocities below 14 m s '1, a small extent of breakage was observed 
during impact whereas no breakage was predicted according to the quasi-static test. 
This may be due to the difference in the number of particles tested in the two techniques.
♦ Impact: % Broken particles 
■ based on the SCS distribution
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As the number of particles tested during impact is up to 20 times larger than during a 
quasi-static test, the probability to have weak particles is much higher during an impact 
test and therefore the extent of breakage observed is also higher. For velocities higher 
than 14 m s '1, similar results were obtained for the two tests.
Impact velocity (m/s)
Figure 4.44: Effect o f the number o f particles tested on the comparison between the 
impact and quasi-static results.
The comparison of the quasi-static and impact results was not so good for the other two 
samples analysed, i.e. F2M0D2S0 and F2M2D2S2. The extent of breakage experienced 
during impact is larger than the estimated breakage based on the crushing strength data 
for sample F2M0D2S0 and the opposite behaviour is observed for sample F2M2D2S2. 
This difference may be due to the statistical reliability of the SCS data or to the presence 
o f large macro-defects which are frequent in these two samples and could almost not be 
seen in the commercial sample and sample F1M1D2S2. Sample F2M0D2S2 had many 
large and deep cracks whereas microcracks could be observed in sample F2M2D2S2 due 
to the high volume of macropores. In addition, both samples have a large number of air 
bubbles. Therefore, the particles may behave differently in the two tests. Due to the
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high level of porosity and air bubbles, sample F2M2D2S2 is deforming and collapsing 
during impact leading to less particle fragmentation, as observed on the micrographs of 
particles after impact in Fig. 4.37 (d-e). This may explain the lower extent of breakage 
during impact as compared to the one estimated based on the impact force and crushing 
strength distribution. The high frequency of cracks in sample F2M0D2S0 may lead to 
an increase in the impact breakage. In addition, due to the small amount of beads 
available for testing, additional crushing strength tests were not carried out with these 
two samples to check the effect of particle number on the strength distribution and 
particularly 011 the percentage of weak particles. However, as these two samples have 
many macro-defects, it is expected that the strength distribution will be wide and vary 
consistently with the number of particles tested. This could help to understand the 
differences between the crushing and impact results.
The results obtained for these two samples show that the structure and the quality of the 
samples in terms of flaws and defects may play an important role in the analysis. It is 
therefore important to restrict this comparative analysis only to samples with similar 
structure and properties such as the commercial sample and sample F1M1D2S2. More 
work needs to be carried out in order to analyse the effect of these macro-defects on the 
particle breakage at different strain-rates.
4.4 Conclusions
It can be concluded from this work that the breakage of single catalyst carrier particles is 
insensitive to strain rate and that both methods provide interesting and complementary 
information. The single particle crushing strength test provides information on the 
average crushing strength values, but most important on the width of the particle 
strength distribution and on the percentage of weak or strong particles in the sample. 
The impact test provides the percentage of breakage or of surviving particles under 
selected impact parameters such as the impact velocity, angle and number.
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In addition, the impact test presents the following advantages as compared to the 
crushing strength test. First, during a test, a large number of particles, typically more 
than a few thousands, can be easily and quickly impacted leading to a more statistically 
reliable test than the side crushing test. During impact, the particles have the random 
orientation while impacting, which is important when testing particles containing macro­
defects such as cracks and voids. The effect of impact angle and number cannot be 
easily inferred from quasi-static tests and it was shown that the analysis of attrition by 
low-velocity repeated impact was very relevant to the industrial case and could help 
understanding how and why particles break in the industrial units.
The two single particle tests described earlier were used to characterise the strength of 
the commercial sample and assess the gain in the strength obtained by changing some of 
the manufacturing parameters. The two test methods tend to give different results when 
the average particle strength was based on the quasi-static test. It was shown that it was 
necessary to look at the percentage of weak particles within the sample in order to obtain 
similar rankings. Substantial increase in the particle strength was obtained by adjusting 
the formulation parameters such as concentration of filler and volume of macropores, 
and the drying procedure. By decreasing the concentration of the filler, a small increase 
in the quasi-static particle strength and a large decrease in the impact breakage were 
observed. The filler helps reinforcing the particle, making a composite material. 
However, the filler concentration needs to be optimised to obtain the best reinforcement 
and not to weaken the particle matrix. By removing completely the filler, a more brittle 
material was produced, with a higher quasi-static strength but in general more macro­
defects leading to a more heterogeneous particle strength and high extent of breakage 
during impact except for sample F0M0D1S1. This sample was among the best samples 
due to a very low frequency of macro-defects within the particles. An increase in the 
particle strength was also observed with a slower drying under humid conditions. 
Finally, a small amount of macropores or surfactant seems to help producing stronger 
particles. However, the effect of these two parameters was difficult to assess due to 
differences between the samples in terms of macro-defects.
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Finally, an increase by a factor of 3 was obtained on the average crushing strength and a 
decrease by a factor of more than 30 was observed on the extent of breakage under 
impact at 20 m s' 1 with an improved manufacturing procedure. This will lead to savings 
regarding the catalyst cost but also regarding the running of the units with less down 
time of the reactor and trouble shooting.
Single particle tests should be preferred to multiple particle tests in order to analyse in 
details the particle strength and understand what weakens the particles and how they 
tend to break in the industrial units. This is because the loading conditions during the 
crushing or impact test are well controlled as opposed to bulk tests such as the bulk 
crushing or drum tests. However, bulk tests allow a quick estimation of a particle 
strength, which may be sufficient for assessing the particle attrition in some practical 
cases. For this reason, the analysis of the attrition of catalyst beads in multiple particle 
tests will be reported in Chapter 5.
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CHAPTER 5: MULTIPLE PARTICLE TESTS
5.1 Introduction
In industrial applications, the mechanical strength of bulk solids is commonly 
evaluated by multiple particle tests due to the possibility of testing a large number of 
particles at a time and the direct relevance to some industrial applications. In this 
Chapter, two types of multiple particle tests were used in order to measure the 
particle strength of catalyst carrier beads, i.e. the bulk crushing strength test and the 
annular shear cell test. As these tests require a large number of particles, the analysis 
was carried out mainly with the commercial sample F2M1D2S2. Some annular 
shear cell tests were also carried out with a sample produced on a pilot plant 
following the same procedure as for sample F1M1D2S2. This sample was selected 
for bulk testing because an important increase in the particle strength was observed 
for this sample with respect to the commercial sample by single particle testing. The 
two test methods and results obtained are described in this Chapter.
5.2 The Bulk Crushing Strength test
5.2.1 Introduction
The BCS test was one of the first tests carried out on an assembly of particles and it 
is extensively used in industry to measure the particle strength of catalyst particles 
(Adams et al., 1974). The BCS test presents the advantage with respect to the single 
particle crushing strength test that a large number of particles can be tested in a 
single test. Flowever, Adams et al. (1974) suggested that a standard method should 
be used as direct effect of the particle and cup sizes, loading rate and moisture 
content on the extent of attrition are expected.
Pomeroy (1957) applied the bulk compression technique to assess the strength of 
coal particles. The particles were put in a cylinder and were slowly loaded with a 
piston to a specified load of about 20 kN for a 200 g sample of 3.2-9.5 mm coal
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particles. The bed was then unloaded and a size analysis of the sample was carried 
out by sieving. The percentage of material remaining in the sieve cut of the feed 
material was then defined as the crushing strength index.
Ouwerkerk (1991) also used the BCS test to analyse the strength of silica spherical 
particles used as catalyst earner. He used a 50 mm i.d. steel cylindrical cup to load 
an assembly of particles to a specified pressure. After unloading, the material was 
carefully removed from the cup and a gravimetric analysis was carried out to 
determine the amount of broken particles and fines produced in the assembly. 
However, he adopted a slightly different method to assess the particle attrition. He 
repeated the tests at different loads in order to determine the Bulk Crushing Strength, 
which is defined as the pressure at which 0.5 wt. % of broken particles or 0.5 wt. % 
of fines below 0.425 mm is produced (Ouwerkerk, 1991). These crushing strength 
values can be used in order to compare the strength of different samples.
Schonert (1996) defined the concept of particle bed and ideal particle bed for testing 
bulk particle properties. He used the term ‘particle bed’ for all arrangements with 
particle/particle contacts directed normally to the crushing wall. Schonert (1996) 
characterised an ‘ideal’ particle bed by a homogeneous structure of the bed, a 
homogeneous compaction of the bed, a known volume or mass of stressed particles 
and negligible wall effects. The first three conditions are difficult to obtain as a bed 
of particles is never uniformly loaded due to the formation of force chains within the 
particle bed leading to a wide distribution in the contact forces (Drescher and de 
Jong, 1972; Thornton and Barnes, 1986). The last condition leads to minimum 
allowable values for the vertical and lateral dimension of the bed related to the 
maximum particle size, xmax. Schonert (1996) found experimentally two inequalities 
to determine the diameter, Dbed, and height, hbed, of a cylindrical bed which are hbed > 
6Xi)iax aild Dbed ^  3 hbed-
In addition, Schonert (1996) shows that an increase in the bed height from one to 
four-particle layers leads to a higher stiffness of the bed and to a decrease in the 
amount of breakage. However these effects are stabilised with a further increase in 
the bed height. He also analysed the effect of the wall friction on the force
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propagation through the particle bed. There is an increase in the ratio of the friction 
force to the piston force with an increase in the bed height and a decrease in the 
pressure near the wall is observed.
Work has been carried out in order to model the particle breakage within an 
assembly of particles. Weichert (1988) showed that an exponential function could be 
used to describe the fraction of broken particles based on a Weibull analysis. The 
fraction of broken particles, dm/m, is related to the energy absorbed by the assembly, 
U, following Eqn. 5.1:
—= —  _ exp(—(CZ/f/j.))^ (5.1) 
m m^ J
where dm/moo is the limiting value of dm/m, Uc is a characteristic energy absorption 
and ft is the curve shape factor. Li et a l (1999b) also modelled the attrition within an 
assembly of brittle catalyst particles under compressive loading. They used a model, 
which assumes tetrahedral contacts and force transmission between the spheres, and 
they deduced that the percentage of broken particles within the assembly, dm/m, 
follows the Weibull equation especially under a stress, a, as shown in Equation 5.2:
—  = l-ex p (-5 < x ") (5.2)
m
where M  is the Weibull modulus and B is a constant. Under high pressures, the 
Weibull model slightly overestimates the extent of breakage due to the generation of 
a large amount of fines, which can fill the voids and then reduce the fracture 
probability. In addition Li et al. (1999b) show that there is a direct relationship 
between the Weibull modulus obtained for the BCS test and the one obtained for the 
single particle crushing strength distribution. This may be because the cause of 
failure of a brittle particle under a multi-point contact situation is still by the 
development of large tensile stresses. Therefore the crushing strength of individual 
particles within a bed also follows a Weibull distribution. In addition it was shown 
that the contact force distribution within an assembly of particles follows an 
exponential relationship which may justify the use of this model for the extent of 
breakage in an assembly of particles with a Weibull strength distribution (Mueth et 
a l, 1998).
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5.2.2 Effect of normal load on the extent of breakage
A typical test arrangement is shown in Fig. 5.1. A wide range of loads can be 
applied to a bed of particles using a mechanical testing machine. Ouwerkerk’s 
method was applied to characterise the particle strength of the alumina catalyst beads 
of interest in this work under compressive loading. In the test facility at Surrey, a 
cup with an internal diameter of 40 mm and with PTFE walls to reduce the wall 
friction has been used. Tests were carried out with about 4000 particles of the 
commercial sample F2M1D2S2 in a wide range of pressures, 0.4-3.6 MPa. The bed 
of particles is compressed at a slow crosshead speed of about 0.5 mm min'1. The 
particles are then carefully removed from the cup and sieved to determine the amount 
of fines, below 500 pm. and broken particles in the sample. The particles that remain 
in the top two sieves are selected using a vibratory table to determine the total mass 
of broken particles in the sample. The percentage of fines and broken particles are 
calculated for each load.
Load P
I
V '
PTFE C ylinder
316 ss base 
and plu nger\^
Figure 5.1: Piston-cyUnder arrangement used for the BCS tests.
The results obtained with the commercial sample F2M1D2S2 are presented in Fig. 
5.2. The BCS values are 1.0 MPa considering the amount of broken particles as 
criterion and 2.75 MPa, considering the amount of fines. The tests were repeated 
several times with different particle assemblies for almost every pressure in order to 
check the statistical reliability of the results. Vertical error bars with width equal to 
two standard deviations are plotted the Fig. 5.2. It can be seen that the error bars are
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fairly small, which guarantees a good statistical reliability of the BCS results. The 
data in Fig. 5.2 were fitted with a power law and the equations and coefficient of 
regression are also given in Fig. 5.2. It can be seen that the data fit very well to a 
power law, especially the broken particles.
Pressure (Pa)
Figure 5.2: Effect o f the compressive loading on the attrition within an assembly o f 
catalyst carrier beads. Experimental determination o f the BCS.
The model of particle breakage developed by Li et al (1999b) was used in this work 
to fit the BCS data. This model is, in fact, based on the Weibull analysis described in 
Chapter 4. The two Weibull coefficients, i.e. M  and InB, are determined by plotting 
the data according to the following equation:
f  \
1In In
dm 
m j
= M In cr + In B (5.3)
where dm/m is the extent of breakage and cr is the pressure applied on the particle 
bed. The bulk Weibull coefficients can be determined by linear regression and used 
in order to plot the extent of breakage as function of the pressure based on Eqn. 5.3. 
The results are shown in Fig. 5.3. It can be seen that this model fits also very well 
the extent of breakage within the assembly. The bulk Weibull coefficient, M, is 
equal to 2.31 for the broken particles and 3.43 for the fines. This is fairly close to the
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Weibull coefficient obtained for the SCS distribution of the commercial sample 
F2M1D2S2, i.e. 2.77. Li et al. (1999b) suggested that there is a direct relationship 
between the two moduli. However, the reason is at present unclear as the breakage 
within the particle bed is not only dependent on the particle strength but also on the 
contact force distribution and it is not possible to measure in an experimental test.
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Figure 5.3: Fitting o f the BCS experimental data to the Weibull equation.
5.2.3 Effect of the loading rate on the extent of breakage
The effect of the loading rate on the extent of breakage experienced by the two 
assemblies is shown in Fig. 5.4. In order to check the reliability of the results, each 
test was repeated at least once and only the average value was plotted on the graph. 
An increase in the strain rate from 4x1 O'4 s' 1 to 4xl0 "3 s’ 1 leads to a decrease in the 
attrition experienced by the particles, and especially in the amount of fines produced. 
However, a further increase leads to similar attrition values. The decrease in the 
extent of breakage with an increase in the strain rate may be due to two main reasons. 
First, the rate of loading can have a direct effect on the individual particle crushing 
strength. However, it was observed by carrying out single particle crushing strenth 
tests that the loading rate had a negligible effect on the particle strength in the range 
of velocities tested. This was confirmed by Benbow and Bridgwater (1987) who 
observed that the crushing strength data of alumina extrudates was independent of 
the crosshead speed when it remained below 5 mm m in1. Therefore, the effect of the
dm/m=100*(1-EXP(-8.14E-17V )) 
_B!=QJ996_
dm/m=100*(1 -E X P H .5 8 E -2 5 V "3))■> e
o Fines <0.5 mm
Weibull fitting for the fines 
♦  Broken >0.5 mm
 Weibull fitting for the broken particles
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crosshead speed on the crushing strength of these particles is unlikely to be the main 
reason for a decrease in the breakage with an increase in the crosshead speed.
(a)
(b)
Pressure (MPa)
Pressure (MPa)
Figure 5.4: Effect o f the loading rate on the extent o f breakage experienced by the 
particles, considering the total amount o f broken particles (a) or o f fines below 0.5 
mm (b).
The second reason is that the compression rate may have an effect on the propagation 
of the normal contact forces through the bed of particles. It is well known that the 
contact forces within an assembly under normal pressure are not uniform and the 
load is propagated to the bed via strong force chains (Thornton and Barnes, 1986).
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Figure 5.5 shows the load-displacement curves obtained when compressing an 
assembly of particles at a strain rate of 0.0004 s'1, 0.004 s'1 and 0.04 s'1. A small 
difference in the slope of the loading curve shows that the bed of particles which is 
loaded with the fastest compression rate exhibits a stiffer response. This was also 
observed by Briscoe and Ozkan (1997) for agglomerated alumina powders. 
Therefore the rate of compression and the corresponding change in the packing 
fraction may decrease with the strain rate. Therefore the extent of attrition may be 
reduced because the forces will propagate less homogeneously within the particle 
bed and only a limited number of particles that are localised in the strong force 
chains will break.
Displacement (mm)
Figure 5.5: Effect o f the crosshead speed on the load-displacement curve.
5.2.4 Analysis of the particle breakage
Optical analysis o f the particles after testing was carried out in order to determine the 
main breakage mechanism of the particles within an assembly under compressive 
loading. A particle in the assembly will break when the contact forces on that 
particle exceed its strength. However, based on the number of contacts per particle, 
the particle will be loaded at a different number of points, each one carrying probably 
different contact forces. Therefore, the shape of the fragments are expected to vary 
and to be different from the debris produced by the SCS test, which is a 2-contact
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point test, but more similar to the ones produced by the MPCS test, which is a four- 
contact point test. Optical micrographs of broken particles and debris after a 
compressive loading of 1.25 kN are shown in Fig. 5.6. About 4000 particles were 
tested and all the fragments produced at this load are shown in Fig. 5.6. It can be 
seen in Fig. 5.6 (a) that among the mother particles, several types o f fragments can 
be observed: meridian fracture, chipping and more complex fragment shapes. The 
debris in the size range from 0.5 to 1.4 mm are either small 3D segments that were 
produced by primary or secondary fragmentation or small circular chips that were 
produced by the chipping mechanism, see Fig. 5.6 (b). A small amount of fines was 
also produced by fragmentation or by chipping during the compression cycles. The 
shape of the fines suggests that these fines were more likely produced during the 
fragmentation of the catalyst particles.
FragmentsChipping and fragmentation
Meridional 
acture
(a) Broken particles >1.40 mm (b) Debris in the range 0.5-1.4 mm
Figure 5.6: Optical micrographs o f  broken particles and debris after a compressive 
loading o f 1.25 kN.
Figure 5.7 shows a sample of the broken particles produced during a compression 
test at 3.0 kN. It can be seen in Fig. 5.7 (a) that lots of particles broke by meridian 
fracture and some fragments have a more complex shape, as observed for the 
compression at 1.3 kN. Some small chips can be observed in Fig. 5.7 (b) but the 
most frequent shape is the one of orange segments. Many small fragments and fines 
were also produced. The percentage of chips among the fragments seems negligible.
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This may be explained by the higher contact forces which will lead directly to the 
particle fracture.
(a) Broken particles >1.40 mm (b) Debris in the range 0.71 -1.4 mm
Figure 5.7: Optical micrographs o f  broken particles after a compressive loading o f  
3.0 kN.
Scanning electron micrographs of mother particles after a BCS test are presented in 
Fig. 5.8 (a-b). The shape of the fragments differs from the shape observed after an 
SCS test as a particle in an assembly will have a higher number o f contact forces 
than in a SCS test, leading to different compressive and tensile stresses and therefore 
different shapes of debris (Gundepudi et al., 1997).
Two micrographs of the top surface o f the bed after unloading are shown in Fig. 5.9. 
It can be seen that the shape o f the fragments from particles that broke on the top 
layer of the bed is very similar to the shape of the fragments after an MPCS test. 
This implies that the MPCS test is a good way to simulate the strength of particles in 
an assembly, especially for the top and bottom layers in contact with either the 
crushing platen or the bottom wall. The BCS results may be analysed and related to 
the single particle properties, i.e. material properties and crushing strength 
distribution, by the use of the Distinct Element Analysis. This technique will be 
introduced in Chapter 6.
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Figure 5.9: Micrographs o f  the sur face o f the bed o f particles after compression.
5.2.5 Conclusions
The bulk behaviour of the commercial catalyst particles under compressive loading 
has been analysed experimentally. The attrition curves based on the criteria of 
broken particles and fines followed a power law of the pressure applied on top of the 
bed. In addition, the data fitted fairly well to Weibull model, which is usually 
applied to the single particle crushing strength data, as suggested by Li et al. (1999b). 
It was also observed that an increase in the compression rate leads to a decrease in 
the extent of attrition produced in the bed of particles and especially to a decrease in 
the percentage of fines smaller than 500 pm. This is due to the effect of strain rate 
on the way the forces propagate towards the bottom of the assembly. The assembly 
compressed slowly will have a higher level o f deformation than the assembly
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compressed at higher rates. Therefore, the compression rate is an additional test 
parameter that should not be varied when the comparison of several sets of data is 
sought. The shape of the debris produced varied considerably, due to the 
heterogeneity in the number of contact points for each particle, which has a direct 
effect on the way the particles will break (Gundepudi et al., 1997). However, it was 
observed that most of the fragments had a hemispherical or orange-segment shape, 
which shows that the main mechanism of attrition in the bulk test is by 
fragmentation. This test is relevant in order to analyse the strength of a particle 
within an assembly under compressive loading such as at the bottom of a reactor, or 
storage tank. However, the levels of pressure applied here are in general much 
higher than the estimated values from the industrial units. Therefore, this test should 
be used more as a control tool to assess the quality of the particles produced, than as 
a way to simulate the industrial conditions. Lower and repetitive compressive 
loading on the same assembly could be carried out in order to analyse the fatigue 
effect on the particle strength.
5.3. Shear Cell test
5.3.1 Introduction
In silos and moving bed reactors, the catalyst carrier beads experience not only 
normal compressive stresses but also shear stresses, especially during unloading. In 
order to study the resistance of particles under shearing, tests can be carried out using 
a shear cell. When particulate solids are well consolidated, their motion is found to 
occur through narrow slip bands separating blocks of materials when subjected to 
shear deformation. The slip bands are called ‘failure zones’, and have a thickness of 
a few particle diameters. Shear testing of bulk solids was originally used in soil 
mechanics. The technique was then applied to bulk solids handling as this discipline 
shows many problems similar to soil mechanics despite working at lower stresses 
and higher strains. Jenilce (1961) and Walker (1967) carried out tests in a shear cell 
designed to study the macroscopic behaviour of bulk solids and help in the design of 
hoppers. An annular shear cell was designed by Carr and Walker (1967-68) in order 
to obtain an unlimited strain, a wider range of normal stresses, a more uniform load
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distribution and an easier sample preparation as compared with the Jenike cell. 
However, the width has to be sufficiently narrow in order to avoid different levels of 
strain and strain rate within the assembly (Carr and Walker, 1967-68; Paramanathan 
and Bri dgwater, 1983a).
Paramanathan and Bridgwater (1983a) designed an annular shear cell and the 
detailed procedure for testing is given by Bridgwater (1987). Preliminary tests 
showed that the size of the sample and therefore the height of the bed had a direct 
effect on the breakage experienced by the assembly (Paramanathan and Bridgwater, 
1983b). This is because if the height of the bed is larger than the height of the failure 
zone, a bottom part of the sample will not be sheared. The identification of the height 
of the failure zone is based on the observation of Stephens and Bridgwater (1978) 
that there is a linear dependence of the velocity as a function of the height of the 
sample in the failure zone. Stephens and Bridgwater (1978) reported that the failure 
zone which can be isolated in an annular shear cell is around 10-particle diameter in 
width. However, Neil and Bridgwater (1994) found that due to the annular cell 
design, there was an active zone of approximately half the width of a failure zone. 
Therefore, they recommended to use a sample height of about 5-particle diameter for 
particles in the size range 1-2 mm. In addition, tests using tracer particles that are 
inserted in a section of the annular cell should be carried out in order to check the 
height of the failure zone and the linear profile of the shear strain. Dead zones 
should be avoided as they induce a decrease in the level of attrition (Neil, 1986).
The facility at Surrey is equipped with an annular shear cell, manufactured by Ajax 
Equipment Ltd and based on the design of Paramanathan and Bridgwater (1983a). A 
schematic diagram of the annular shear cell is presented in Fig. 5.10. A sample is 
held in the annular space. The lower portion of the cell is rotated about the central 
shaft by means of an electric motor and the upper part is held stationary and loaded 
by means of a pneumatic cylinder. The cell contains annular rings in the upper and 
lower surfaces in order to grip the particles and avoid any slip at the boundaries. A 
sample of catalyst beads can then be subjected to a known stress, strain and rate of 
strain and the breakage is quantified by gravimetric analysis.
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Figure 5.10: Schematic diagram o f the annular shear cell.
5.3.2 Analysis of the shear cell data
The annular shear cell is used in order to establish a relationship between the extent 
of breakage and the test conditions, such as the strain, normal pressure and strain 
rate. After a test, the sample is carefully recovered and the level of attrition is 
measured by sieving and by using a vibratory table when spherical particles are 
tested. Neil and Bridgwater (1994) suggested using the Schuhmann relationship in 
order to define the extent of breakage. The mass of attrition product, W. that passes 
through a sieve of size, d, is given by:
W = WT(d5.4)
where WT is the mass passing the sieve of size dr, which is the lower sieve size used 
to select the initial sieve cut for the feed material and Gs is the power index. This 
method takes into account the errors due to sieving as the top sieve cuts are not 
included in the least-square fit of the data to obtain the two parameters, i.e. Wj and 
Gs.
Different approaches for the analysis of the results of attrition in a shear cell have 
been used. The mass of the degraded product is correlated with the attrition time or 
applied shear strain. The best known method of analysis of the result obtained from
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the shear cell is based on the relationship proposed originally by Gwyn (1969) for 
attrition in fluidised bed systems:
W = kta"G (5.5)
where W is the mass of the broken material, ta is the attrition time, and k and nG are 
empirical constants related to material properties. The constant speed of revolution 
implies a constant angular velocity. Therefore, the attrition time can be replaced by 
the shear strain, F, as in Eqn. 5.6:
W = k'T"c (5.6)
where k ’ is an empirical constant.
The shear strain is defined by:
r _ a  2nR
360 hslmr
where a  is the angle of rotation, R , is the mean radius of the cell, hsiiear is the height 
of the bed of particles and /  is a correction factor that accounts for the possible 
slippage of the material on the loading surfaces. It has been found by Ghadiri et al 
(2000) that the model of Gwyn (1969) applies to relatively low stresses and/or small 
shear strains. Bridgwater and co-workers proposed earlier that the attrition data 
varied with the frictional work performed during the shear test and consequently with 
the product,err, where a  is the applied normal stress (Neil, 1986). Ouwerkerlc 
(1991) and Renter (1992) found later that this approach did not fit their data well and 
proposed that the attrition vary with the applied normal stress and the shear strain in 
the form:
i<s
(5.8)W = K0
where Kg and 8  are empirical fitting constants and <Jrej -  is a reference normal stress. 
Neil and Bridgwater (1994) analysed a large number of experimental data and 
proposed that the attrition of various materials is related to the applied normal stress 
and shear strain in the following form:
W = K n
V ^  scs j
(5.9)
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where KN and (// are empirical fitting constants, /r is a constant which is regarded as a
material parameter and crscs  is the side crushing strength of the test material.
Ghadiri et a l (2000) showed that this model unifies the attrition data best only when 
the fraction of fine debris is taken into account and the data fitting deteriorates as 
larger particles are included. This suggests that this model is best to describe the 
surface damage processes.
5.3.3 Effect of the filler concentration on the extent of breakage
The mass of particles to be used for each sample was calculated in order to get a bed 
thickness of 4 particle diameters. Prior to testing, the samples are sieved to test 
particles from only one sieve cut and separated using a vibratory table to discard the 
non-spherical particles. After applying a given shear strain and normal load, the 
sample is collected and the breakage is determined by carrying out full size analysis 
and quantifying the amount of non-spherical or broken particles within the larger 
sieves by vibratory separation.
Only two samples were tested in the annular shear cell, i.e. the commercial sample 
F2M1D2S2 and a pilot plant sample similar to F1M1D2S2. The characteristics of 
the two samples are summarised in Table 5.1 and their crushing stress distributions 
are shown in Fig. 5.11. For each sample, tests were carried out at 3 normal 
pressures, i.e. 0.20 bar, 0.33 bar and 0.55 bar and for 4 different angles of rotation, 
i.e. 60°, 120°, 180° and 360°. The normal pressures used in this work are higher than 
the maximum wall pressures estimated from the industrial units, i.e. in the range 
from 0.05 bar to 0.15 bar. However, no breakage was observed within this range of 
pressure for the applied shear strain. Therefore, it was decided to test the particles 
under tougher conditions in order to assess their particle strength. The shear stain, F, 
is calculated using Eqn. 5.7. The slip factor is taken equal to 0.86, as determined by 
Renter (1992). The tests were carried out under a shear strain rate of 5 to 6 s"1 (7.6 
rpm.). The extent of attrition, i.e. percentage of fragments for with the ratio of their 
size to the original particle size, l/lo is below 0.59, is presented in Fig. 5.12 for the 
two samples of catalyst carrier beads tested. In this work the breakage experienced 
by the 2 samples under the same shear strain and normal loads is compared using the
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mass percentage of debris whose size is two sieve cuts below the original particle 
size. This is equivalent to a ratio of the size of the fragments to the original particle 
size equal to 0.59. This criterion has also been used in Chapter 4 to quantify the 
breakage of particulate solids under impact.
Table 5.1: Characteristics o f  the two samples o f  catalyst carrier beads tested.
Samples Commercial sample 
F2M1D2S2
Pilot plant sample 
( ~ F1M1D2S2)
Particle size (mm) 1.70-2.00 2.00 -2.36
Filler level 2 1
Crushing load (N) 
Average (St. Dev.) 38.81 (11.55) 50.57(11.09)
Crushing stress (MPa) 
Average (St. Dev.)
% below 6 MPa
8.77 (2.66) 
3.42
10.24 (2.21) 
17.56
45
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16
Crushing stress (MPa)
Figure 5.11: Crushing stress distributions o f  the two samples tested in the annular 
shear cell.
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Figure 5.12: Attrition experienced by the two samples o f  catalyst beads as function 
o f the shear strain fo r  three applied normal pressures: (a) 0.2 bar, (b) 0.33 bar and 
(c) 0.54 bar. l/lo is the ratio o f the fragment size to the original particle size.
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Under the three normal stresses, the levels of attrition experienced by the two 
samples are quite different. The commercial samples experiences considerably more 
breakage than the pilot pant sample prepared with a lower concentration of filler.
The analysis of the crushing strength results presented in Fig. 5.11 showed that the 
pilot plant sample had not only a higher average particle strength but also a lower 
frequency of weak particles than the commercial sample. Therefore, the contact 
forces leading to particle fracture will need to be higher in the case of the lab-scale 
sample to get a similar extent of breakage. Therefore, a decrease in the percentage of 
filler leads not only to an increase in the single particle strength but also to an 
increase in the bulk particle strength.
5.3.5 Analysis of the particle breakage
The particles subjected to normal and shear stresses experience two different 
mechanisms of breakage: abrasion and fragmentation. Abrasion is the removal of 
surface layers or chips due to particle friction within the bed of particles. 
Fragmentation is the breakage of the particles in two or more large fragments due to 
the high interparticle contact forces in the assembly. Very fine fragments can also be 
produced during fragmentation due to the phenomenon of crack branching in ceramic 
materials. Typical scanning electron micrographs of particles from the commercial 
sample F2M1D2S2 after testing in the annular shear cell are shown in Fig. 5.13. 
Some particles experienced only localised damage as the particle in Fig. 5.13 (a) 
where a little chip has been removed from the contact area. Other particles broke 
into at least two fragments as shown in Fig. 5.13 (b) where the fragment was 
produced by meridional fracture. However, we also observed two types of smaller 
debris as seen in both Figs. 5.13 (c) and (d). Some of these fragments had orange- 
segment shape and were produced during the fragmentation of a particle while others 
were very flat and produced by surface wear.
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(a) (b)
(c) (d)
Figure 5.13: Optical and scanning electron micrographs o f the particles from the 
commercial sample after testing in an annular shear cell (Inserted line length^I 
mm).
Therefore, in order to analyse how the particles break within a failure zone, it is 
necessary to carry out a hill size analysis o f the sample after testing and to determine 
the mass of broken particles present in the two top sieves using a vibratory sifter.
The number of particles which have experienced fragmentation or from which a flat platelet 
has been removed due to surface damage can be determined. The size distribution 
graphs obtained for the pilot plant sample F1M1D2S2 are shown in Fig. 5.14 for the 
lowest and highest normal pressures applied on the annular bed. The x-axis 
represents the normalised particle size with respect to the feed material size, i.e. 2.36 
mm for sample F1M1D2S2, 2.0 mm for sample F2M1D2S2, and the y-axis 
represents the cumulative mass fraction undersize.
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Figure 5.14: Size distribution graphs o f the pilot plant sample after shear cell tests 
at 0.20 bar (a) and 0.54 bar (b).
An increase in the shear strain leads to an increase in the attrition, which is shown on 
the size distribution graph by a higher curve. In addition, the part of the size 
distribution curves corresponding to the complement region, i.e. l/lo <0.59, is fairly
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linear in the log-log plot and parallel curves are obtained for different strains. This 
means that even for the lowest shear strain, fragmentation occurs and similar size 
distribution is obtained for the debris in the complement region for a range of shear 
strains. A change in the slope of the size distribution curve is observed for 
normalised particle sizes above 0.59, which corresponds to the residue region. This 
change of slope shows that there is a high frequency of fragments within the two 
sieve cuts below the original particle sizes. The construction lines necessary to 
determinate the extent of breakage based on the Schuhmanh distribution as described 
in Eqn. 5.4, show that this method will tend to underestimate considerably the extent 
of breakage. Therefore an analysis based on the total extent of attrition measured by 
sieving and vibratory separation will provide more reliable data.
Gwyn’s formula described in Eqn. 5.6, was used to relate the mass fraction of 
attrition to the shear strain. A detailed analysis of the breakage experienced by 
commercial sample F2M1D2S2 is presented in Fig. 5.15, where the effect of shear 
strain and normal pressure on the percentage of broken particles (a), debris below 
1.18 mm (b) and fines below 0.425 mm (c) is presented. Gwyn’s formula fits well 
the data of attrition material, especially the ones obtained for the two lowest normal 
pressures. Gwyn’s exponent obtained for a given category of material, i.e. broken, 
below 1.18 mm and below 0.425 mm, is almost constant for the three normal 
pressures tested. However, it is a function of the criterion used to quantify the 
amount of breakage, i.e. broken particles, debris <1.18 mm, debris <0.425 mm. This 
is because the size distribution curve of the material after shearing is not linear. It 
can be seen in Fig. 5.14 (b) that the part of the distribution curves in the complement 
region follows a power law of the particle size.
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Gwyn’s formula does not take into account explicitly the value of applied normal 
pressure. Ouwerkerk (1991) suggested that the attrition rate varies with the shear 
strain and normal pressure as shown by Eqn. 5.8. In this work, crre/  was taken equal 
to 1 bar as results from only one type of material were analysed. The results 
obtained from Ouwerkerk’s normalisation are shown in Fig. 5.16 for the mass of 
debris below 0.425 mm. For the two highest normal pressures, the normalisation 
works very well, but it seems to be worse for the smallest value of applied normal 
pressure. This confirms the findings of Ghadiri et a l (2000) for silica catalyst beads. 
They suggested that one of the reasons might be due to a change in the breakage 
mechanism depending on the applied normal stress.
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Figure 5.16: Attrition experienced by the commercial sample F2M1D2S2 as function 
o f r e f  considering as paramter the mass o f debris below 0.425 mm.
Further analysis on the modelling of the attrition data based on the total percentage 
of broken particles and on the model of Neil and Bridgwater (1994) was carried out 
for the two samples. The average crushing stress of each sample given in Table 5.1 
was used in Eqn. 5.9*. The two sets of data shown Fig. 5.17 do not fit into a unique 
linear equation in this log-log plot. This means that the sets of attrition data 
corresponding to the two samples of catalyst earner beads tested can not be 
normalised by using the average crushing stress data, as it was suggested by Neil and 
Bridgwater (1994). This normalisation does not work well because the two 
distributions do not follow gaussian distribution and therefore the average crushing
* k was assumed equal to 0.5.
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stress does not represent best the single particle strength data. The comparison o f the 
extent of breakage experienced by the two samples based on this normalisation 
suggests that the commercial sample esperiences more breakage than the pilot plant 
sample, presumably due to the high percentage of weak particles in the commercial 
sample (see Table 5.1), which are not sufficiently taken into account by using crre/.
rfo/aref)2
Figure 5.17: Analysis o f  the extent o f  breakage experienced by the two samples as 
function o f r(<j/crref)2 where aref  is equal to the average crushing strength.
5.3.6 Conclusions
In conclusion, the extent o f attrition was found to be a power law of the shear strain 
applied to the assembly, with the power index being dependent on the criterion used 
to quantify the extent of breakage. The data obtained for the three normal stresses 
were fairly well normalised based on the model of Ouwerkerk (1991), which showed 
that the attrition was a power law of the product of the shear strain to the normal 
stress raised to the power of two.
The fragments produced during a shear cell test are in general thinner than the ones 
produced in a bulk compression test, due to the high level o f tangential movement
197
induced by the shearing. However, large segments are also produced by the 
fragmentation mechanism.
The comparison of the results obtained with the two samples confirmed that a 
decrease in the filler content led to a considerable increase in the particle strength, as 
it was previously observed in the experimental test. This is due to a higher average 
particle strength, but also to a lower frequency of weak particles. This is the reason 
why the attempt to normalise the sets of data obtained for the two samples by the 
average crushing stress did not work.
5.4 Discussion and conclusions on the multiple particle tests
A comprehensive analysis of the extent of breakage experienced by an assembly of 
particles under compressive loading or shearing was carried out with the commercial 
sample and a pilot plant sample prepared with a level 1 of filler. The annular shear 
cell tests also confirmed that the sample with a lower filler content than the 
commercial sample was more resistant.
However, it is in general difficult to understand how the particles break within the 
particle assembly. The conditions of stresses selected in bulk tests are in general 
tougher than the ones estimated for the industrial units, in order to be able to measure 
any particle attrition. This is because the particles tend to experience a large range of 
stresses during their life-time in the industrial units, and this may lead to a general 
weakening of the particles. However, it is difficult to simulate these sets of stresses 
in the laboratory to test the particle strength.
It could be also interesting to be able to infer a strength for each particle from a bulk 
test. However, a sample of particles with a brittle failure mode is expected to have a 
heterogeneous strength distribution. Assuming an average value of strength will not 
be relevant because it does not take account of the width of the crushing strength 
distribution or the percentage of weak particles, which were shown to be directly 
relevant to understand the particle attrition in an industrial unit. This can explain
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why the attempt to normalise the extent of attrition in the shear cell using the average 
crushing stress values of each sample was not successful. In addition, in an assembly 
of particles, forces propagate via strong and weak force chains leading to particle 
breakage mainly on those force chains (Thornton and Barnes, 1986). Therefore, the 
extent of breakage will be dependent not only on the particle strength distribution but 
also on the contact force distribution. An extensive analysis of the particle breakage 
in bulk and a relationship between single particle and bulk behaviour is only possible 
by DEA simulations, where the contact forces and particle strength can be monitored 
during the test. The application of this method to simulate the BCS tests will be 
introduced in Chapter 6 and the computer simulation results will be compared with 
the experimental data.
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CHAPTER 6: COMPUTER SIMULATION OF THE BCS TEST
6.1 Description of the Distinct Element Analysis (DEA) and 
computer code TRUBAL
6.1.1 Background and history
The DEA code used in this work originates from the work of Cundall and Strack 
(1979) and is based on the TRUBAL code developed by Cundall (1971, 1988) and 
extensively modified at Aston University by Thornton and co-workers to incorporate 
realistic interparticle contact laws based on theoretical contact mechanics, see 
Thornton and Randall (1988) and Thornton and Yin (1991). The DEA models the 
interactions between an assembly of particles by a dynamic process of cyclic 
calculations tracing the movement of the individual particles based on Newton’s 
second law of motion. In this code, the normal force is assumed to follow Hertz 
model (Johnson, 1985) and the tangential force is according to the model of Mindlin 
and Deresiewicz (1953). The interparticle adhesion is calculated according to the 
work of Johnson et a l (1971). However, in this work, no interparticle adhesion was 
considered due to the size of the particles tested and their cohesionless surface 
properties.
The program has been continuously developed to simulate various engineering 
applications in the field of particulate solids such as shear deformation of particulate 
assemblies (Thornton and Antony, 1998), agglomerate impacts (Ning et al., 1997; 
Subero et al., 1999; Kafui and Thornton, 2000a), crushing of agglomerates 
(Ciomocos, 1996), fluidised beds (Kafui and Thornton, 2000b), particle,,
flow and collisions in mills (Rajamani et al., 2000), attrition in a shear cell (Ghadiri 
and Ning, 1997) and under compressive loading (Couroyer et al., 1999; Couroyer et 
al. 2000b). For the last two applications, the mechanisms of attrition by surface wear 
and fragmentation of individual particles were incorporated into the model by 
Ghadiri and Ning (1997).
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6.1.2 The calculation cycle and critical time step
The analysis by DEA involves the discretisation of the equations of motion in which 
the incremental forces and displacements are calculated at small time intervals. The 
criterion for choosing the time step, At, is based on the propagation of Rayleigh 
surface waves. The time step selected should be less than the time required for the 
Rayleigh surface waves to traverse the smallest particle in the assembly and to 
transmit a force to another contact point. The critical time step, Atc, is given by:
surface wave velocity, p  is the particle density, G is the shear modulus and X is 
defined by:
where vis the particle PoissoiTs ratio.
The calculation of the critical time step for the catalyst beads simulated in this work 
gave a value of 1.3x1 O'6 s. The actual time step, At, specified in TRUBAL is a
The smaller the time step is, the higher is the calculation accuracy and numerical 
stability. However, as a small time step also means more computation time, this 
value needs to be optimised.
At any cycle time t, interparticle force increments are calculated at all contacts from 
the displacement increments of the contacting particles using an incremental force 
displacement law. The new out-of-balance force and moment 011 each particle are 
calculated based on this update of the contact forces. The new particle accelerations 
are then calculated based 011 Newton’s second law. The accelerations are then 
numerically integrated over a small time step to obtain the new particle velocities, 
from which the displacement increments are calculated by further numerical 
integration. Checks are incorporated to identify new and lost contacts. As new
(6.1)
where R„,in is the radius of the smallest particle in the assembly, VR is the Rayleigh
X = 0.1631v+ 0.876605 (6.2)
specific fraction of the Rayleigh critical time and in this work it is about 6.0x10‘8 s.
2 0 1
positions and velocities have been obtained for each particle, a new cycle is started 
(Ning et al, 1997).
6.1.3 The damping mechanism
The computer code includes two forms of damping mechanism in order to account 
for dissipative processes, which are used in both the preparation and compression of 
the assembly. Global or mass proportional damping operates on the absolute 
velocities of the particles and plays a significant role in allowing the assembly to 
quickly reach a quasi-static equilibrium state. This is shown in the Newton’s second 
law at a time t, for the out-of-balance force, F,- and moments, M{,
where J3g is the coefficient of global damping, At is the time step, mp is the particle 
mass, /  is the moment of inertia, V\ and co,- are the linear and rotational velocities 
respectively, gt is the gravity acceleration and i=l, 2, 3 represents the three directions 
in the x, y, z coordinate system. In this work, global damping was used during the 
assembly generation in order to increase the stability of the system and a coefficient 
of 0.188m kg s' 1 was used, where m is the mass of one particle. This gives a 
coefficient of global damping of about 7.44x10‘7 kg s '1.
Contact or stiffness proportional damping operates on the relative velocities at the 
contacts to account for the energy losses through elastic wave propagation while the 
particles are interacting with each other. For the calculation of damping, the contact 
is represented by a linear spring dashpot system. The equation of the particle 
motion, x, as function of the time, f  was modelled by using an oscillary system 
(Ning, 1995):
oscillation over time which depends on the particle mass and contact stiffness and V
miMzm (6.3)
(6.4)
(6.5)
where j3c is the contact damping coefficient, coq is the natural frequency of the force
2 0 2
is the velocity at which the particle impactfon the target. The equation of the particle 
velocity after contact, V(t), is given by:
n  y  _______
V(t) = —  „ - ■  t * " 1 sill J l - / ? > 0f + K e ' ^  cos J l - / ? cj o 0f (6.6)
V‘ - A 2
It was shown by Ning (1995) that the contact damping coefficient, can be related 
to the coefficient of restitution, e, by analogy between the damped oscillation of the 
contact force and an impact of a particle against a wall. The rebound velocity, Vr, is 
equal to:
Vr =Ve~PcKl^ ~ ^  (6.7)
from which the coefficient of restitution, e, can be calculated:
e = Yj. = e-P '^f:^
The contact damping coefficient, /?c, can therefore be obtained from the coefficient of 
restitution by:
Pc= j  =  , (6.9)
^(lne )“ + ;r~
The coefficient of restitution of the catalyst carrier beads tested in this work was 
measured experimentally by image analysis of low velocity impact sequences of 2 
111111 diameter catalyst beads against a stiff target using a high speed video recording 
camera. The results of this work were shown in Chapter 4. The coefficient of 
restitution was found to be equal to 0.69 at an impact velocity of 1.95 m s"1 and 0.71 
at 3.55 m s '1. Based on these values of coefficient restitution, a contact damping 
coefficient of 0.1 was used in the simulation.
The effect of damping on the out-of-balance contact force in the normal direction, Fm 
is given by:
Fn(t + At) = Fn(t) + AFlt+Fnd (6.10)
where Fllcj is the normal damping force, which is equal to:
( 6 .1 1 )
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where k„ is the normal stiffness, m* is the equivalent mass of the two bodies in 
contact, a„ is the normal displacement.
For the out-of-balance force in the tangential direction, Ft, the relationship is less 
straightforward due to the non-linear and loading history dependent contact law 
(Mindlin and Deresiewicz, 1953). Thornton and Yin (1991) showed that the 
tangential contact stiffness, kh used to calculate the tangential increment from the 
displacement increment varies if the contact was in the state of loading, unloading or 
reloading. A detailed account of the calculation of the tangential force is given by 
Thornton and Yin (1991).
6.2 Analysis of bulk  behaviour under compressive loading
6.2.1 Preparation of the particle assembly
This work was carried out using as model particles the commercial sample of catalyst 
carrier beads, i.e. sample F2M1D2S2, with which BCS test were earned out 
experimentally. The cup used ' for the BCS test was a cylinder of 40
111111 diameter. However, to simplify the simulation of the BCS test, a cuboid was 
used instead of a cylindrical cup. The side length was chosen to give nearly the same 
surface area as the experimental one and the height was chosen to be sufficiently 
large so that the particles could be easily generated within the volume. The input 
data files used in this work are given in Appendix I and the method is described in 
the following. To create a particle assembly, 4000 particles were randomly 
generated in a periodic box of 33 111111 side length and of 68 mm height. Three 
different radii were used in order to introduce a particle size distribution similar to 
the one present within the experimental sample. The radius and the respective 
numbers of particles were: 0.90 mm, 1072; 0.95 mm, 1856; 1.00 mm, 1072. Six 
external planar walls were then generated at 1 111111 away from the periodic box, so 
that the distance between the periodic space and the planar walls is smaller than one 
particle radius. The top wall of the box is the crushing platen, which will be moved 
towards the particle assembly to apply the compressive loading.
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Once the balls and walls were generated, a gravitational force was applied to the 
particles in order to bring them together and create a bed of particles at the bottom 
part of the box. The density initially assigned to the particles was high, i. e. 8000 
kg nT in order to quickly obtain a dense assembly. When the number of 
interparticle contacts reached a constant value, implying that the assembly was dense 
and stable, the density was then slowly decreased to the density of the beads, i.e. 
1100 kg m"3 in this case. The material properties of the particles, platens and side­
walls are presented in Table 6.1.
Table 6.1: Material properties o f the particles, side-walls and platens used in the 
simulations.
Material properties Particles Platens and side-walls
Young’s modulus (GPa) 16.0 215
Poisson ratio 0.24 0.30
Density (kg/nr3) 1100 7800
Coefficient of friction 0.50 0.35
A velocity of 0.1 m s' 1 was initially used for the upper platen. However, tests were 
then carried out with velocities down to 0.001 m s"1 to check the effect of the loading 
rate on the particle breakage within the assembly. The crushing platen was moved 
perpendicular to the bed of particles until the selected pressure on the platen was 
reached following which the movement of the platen was stopped. One test 
involving both the loading and unloading of the particle assembly was carried out in 
order to fully simulate the experimental test. However, it was observed that no 
further breakage occurred during the unloading stage as opposed to the experimental 
test where noises typical of the brittle failure could be heard also during the 
unloading stage due to stress relaxation of the particle assembly.
The crushing platen was set before the test at a height of 26 mm above the bottom 
plate, which is just above the bed of particles in this case. However, this platen 
should not touch the particle assembly and should be sufficiently far from the assembly 
so that the first contact between the particles and the wall is smooth. In these conditions, the co­
ordination' number of the assembly before compression was 4.8 and the porosity of
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the bed was 0.50. The crushing platen makes actually contact with the assembly at a 
height o f 25 mm. Therefore the bed porosity is in reality 0.48 before the 
compression test starts. Figure 6.1 shows the particle assembly before compression 
and after the initial stage o f compression. The particle packing within the assembly 
is not uniform as empty space can be observed near the top comers o f the cup. A  
more detailed description o f the packing o f the particle assembly before the first 
contact between the platen and the assembly is shown in Fig. 6.2 (a), where the 
positions of all the inter-particle and particle/wall contacts are projected in an X -Y  
plane. A more delailed view o f the top 2 mm part o f the cup before compression is 
given in Fig. 6.2 (b). Each point represents the contact point between two particles 
or a particle and a wall. Each particle has a radius o f about 1 mm. This length is 
represented in Fig. 6.2 (b) by two arrows, i.e. for the x and y axis. It can be seen that 
the platen will make contact first with only one particle, which is located towards the 
middle o f the x axis.
(a) Before compression (b) Initial compression stage
Figure 6.1: Assembly o f  4000 particles before compression (a) and after the first 
contact between the platen and the assembly (b).
The first contact between the crushing platen and the assembly brings some 
unstability within the assembly. This is because the assembly was generated 
randomly, which means that the particles may not be in their best position to bear 
external forces. As a result, sliding o f the particles can be observed as well as a 
decrease in the number o f inter-particle contacts from 9536 to a value as low as 4780 
when the crushing platen reaches the height o f 24.3 mm above the bottom plate.
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This is equivalent to a small platen displacement of 1 mm. However, as the number 
of contacts decreases, an increase in the average contact forces is observed which 
confirms that the assembly is being compressed. It can also be seen in Fig. 6.2 (c) 
that the density of contacts is lower as explained previously and that the load is 
transmitted from the crushing platen to the assembly via force chains. Therefore, for 
this given assembly, the contact forces within the top centre part of the cup will tend 
to be higher during the initial stages of the compression. This may also lead to more 
breakage in this region.
From the height of 24.1 mm above the bottom plate, the number of contacts start 
increasing again and it is equal to 8853 just before the first particle breaks at a platen 
pressure of 0.59 MPa at a platen height of 23.5 mm above the bottom plate.
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(a)The whole particle assembly before contact
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(c) The whole particle assembly after a wall displacement of 0.4 mm 
Figure 6.2: Position o f the inter-particle or particle-wa/l contacts in the assembly 
before the crushing platen makes contact with the assembly (a, b) and after a wall 
displacement o f  0.4 mm.
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6.2.2 Definition of the inodes of breakage
Two simultaneous processes of surface damage and fragmentation are responsible 
for the attrition of bulk particulate solids under compression. These processes are 
simulated independently based on individual particle properties that can be 
determined experimentally.
6.2.2.1 Simulation o f the fragmentation process
The single particle crushing strength is used as the criterion for simulating the 
fragmentation process (Ghadiri and Ning, 1997). A crushing strength is assigned to 
each particle in the assembly in a random way based on the values determined 
experimentally. During the compressive loading, two different rules are applied to 
simulate the fragmentation process. The first one is based on the comparison 
between the maximum normal contact force of a particle and its crushing strength 
value. The second one is based on the comparison between the average of the two 
maximum contact forces and its crushing strength value. Therefore, if the maximum 
contact force or the average of the two highest contact forces is bigger than the 
particle crushing strength value, the particle is considered as broken and is removed 
from the assembly. *
This is different from the experimental work as the particle fragmentation leads to 
the formation of small debris and fines. The breakage into small fragments will have 
a direct effect on the assembly packing. However, for simulating the attrition 
process, where the number of broken particles is small, the effect of the debris in 
supporting the load is considered to be negligible.
A detailed study of the fragmentation process was carried out to analyse the effect of 
the fragmentation process and particle removal on the load-displacement curve and 
on the assembly stability and packing.
The simulation of the pressure-displacement curves of the upper platen obtained 
during a compressive loading of 2.0 MPa is presented in Fig. 6.3 for a crosshead
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speed of 0.1 m s 4 . The unloading curve was also plotted in order to compare the 
simulation test with the load-displacement curve recorded during an experimental 
test at the same maximum pressure. For the experimental load-displacement curve, 
the equipment compliance was deducted based on the load-displacement obtained 
when the platen was compressed against the bottom platen of the cup without any 
particles present. It can be seen that the experimental bed starts to bear the load 
before the simulated ones. This difference can be explained by the differences in the 
method used to prepare the particle assembly. In the experimental work, the 
assembly is tapped smoothly in order to create a dense and levelled assembly of 
particles, whereas in the computer simulation work, the particles were randomly 
generated and then brought together in order to create a dense but not automatically 
levelled assembly. This can be observed in Fig. 6.2 where the inter-particle contact 
forces within the top layers of the assembly were projected on an X-Y plane and 
show irregularities in the assembly packing within the top layers. Therefore, the 
important feature here is to compare the slopes and minute fluctuations of the curves 
between the experimental and computer simulation tests, once the equipment 
compliance has been deducted (see Fig. 6.3). For the loading part, the computer 
simulation curve is slightly stiffer than the experimental one. However, for the 
unloading part, similar slopes are obtained for the experimental and computer 
simulation test. This difference in the loading phase may be due to the limited 
plastic deformation experienced by the particles during the test, which is not taken 
into account in the simulation. This suggestion is confirmed by the similarities in the 
unloading curves, which correspond to the recovery of the elastic deformation.
The loading part of the experimental curve shows some minute fluctuations which 
are due to particle breakage as sounds typical of brittle failure mode could be heard 
during the test. However, for the simulation curves, the fluctuations due to the 
particle breakage are stronger, particularly at high pressures, where the breakage is 
more extensive because of the removal of several broken particles from the 
assembly. However, as the platen is further moved towards the assembly, the 
original slope is automatically recovered. Therefore, it may be suggested that once a 
particle breaks and is removed from the simulated assembly, the load is distributed to 
the neighbouring particles rather than experiencing a sharp drop in the load as
2 1 0
observed for single particle crushing test. In order to check this hypothesis, the 
effect of a particle removal on the contact forces of the particles previously in contact 
with the broken particle will be analysed.
Displacement (m)
Figure 6.3: Pressure-displacement curves obtained in the experimental and 
computer simulation tests during the testing o f about 4000 particles at a pressure o f  
2.0 MPa.
Figure 6.4 shows in an X-Y plane the contact forces higher than 1 N at the beginning 
of the compression test, i.e. at a crushing platen stress of 0.07 MPa, and the contact 
forces higher than 6 N after the breakage of the first two particles which are shown in 
red dots, i.e. at a crushing platen stress of 0.82 MPa. It can be seen that the positions 
of some of the strong contact forces remain the same throughout the compression, 
suggesting the formation and development of chains o f strong contact forces during 
the loading stage. The formation o f chains of contact forces will be analysed in 
Section 6.2.6. The addresses of the two broken particles and of their respective 
neighbour particles before crushing are shown in Table 6.2 together with the contact 
forces. The contact force that led to the breakage of each particle is shown in grey. 
It can be noticed that in the two cases it was the highest contact force because o f the 
fragmentation rule used.
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X (m)
o0.82M Pa: Force > 6 N D 0 .07  MPa: Force >1 N •  Broken particles
Figure 6.4: Projection onto an X-Y plane o f the contact forces larger than 1 N  fo r an 
assembly under a compressive loading o f 0.07 MPa and o f the contact forces larger 
than 6 N  fo r the same assembly under a compressive loading o f  0.82 MPa, and 
location o f the first two broken particles.
Table 6.2: Computer memory addresses o f the particles that broke first in the 
assembly and o f the particles in contact with these tw>o particles and values o f the 
inter-particle contact forces.
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A detailed analysis of the changes in the inter-particle contact forces due to the 
particle removal was carried out for the two broken particles shown in Fig. 6.4. The 
evolution of the inter-particle contact forces experienced by a neighbouring particle 
which lost one contact due to the removal of the broken particles is shown in Fig. 6.5
(a) for the first broken ball and in Fig. 6.6 (a) for the second broken ball. The cycle 
at which the particle broke is taken as cycle 0.
It can be seen that the removal of one ball from the assembly leads to important 
changes in the inter-particle contact forces for about 150 cycles. For the first broken 
ball, i.e. ball 18, out of the 5 contact forces of the ball 642, the three largest ones 
decrease from a value of about 6 N to values of about 2 N for two of them, and the 
third one becomes almost 0. The particle removal also led to an increase in the two 
lowest contact forces. For the second broken ball, i.e. ball 26, similar behaviour is 
observed. The removal of the broken particle led to the decrease of most of the 
contact forces. However, one remained almost constant and one increased during the 
next 100 cycles following the particle removal. In order to check the effect of the 
particle removal on all the neighbouring particles, the sum of the inter-particle 
contact forces on the particles that were in contact with the broken particle is 
analysed as a function of the cycle number for the two broken particles and is shown 
in Fig. 6.5 (b) and Fig. 6.6 (b), respectively.
The particle removal leads to a considerable decrease in the sum of the inter-particle 
contact forces of the neighbouring particles. However, it can be seen that a stable 
stage is obtained again after about 150 cycles and the number of contacts will be then 
slowly recovered as the stress applied on the assembly is increased. About 10000 
cycles after the first particle broke, the sum of the inter-particle contact forces of its 
neighbouring particles reaches a value of 76 N as compared to the 84 N before the 
particle breakage and 59 N just after the particle removal. Therefore, the particle 
removal from the assembly does lead to changes in the bed packing. However the 
number of contacts is slowly recovered as the assembly keeps being loaded. The 
recovery of the packing may be more difficult when a large number of particles 
break at the same time. Therefore, tests should be carried out within a limited range 
of compressive loadings leading to percentages of attrition no larger than 10 %.
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Cycle No
(a) Evolution o f the inter-particle contact forces o f  ball 602, which had the highest 
contact force with the broken ball 18.
Cycle No
(b) Evolution o f the sum o f the inter-particle forces on the particles that were in 
contact with the ball 18 before it broke.
Figure 6.5: Evolution o f  the inter-particle contact forces after the ball 18 broke 
(SCS=9.2 N) and was removed from the particle assembly.
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Cycle No
(a) Evolution o f the inter-particle contact forces o f  ball 2205, which had the highest
contact force with the broken ball 26.
Cycle No
(b) Evolution o f the sum o f the inter-particle forces on the particles that were in 
contact with the ball 26 before it broke.
Figure 6.6: Evolution o f the inter-particle contact forces after the ball 26 broke 
(SCS=9.53 N) and was removed from the particle assembly.
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The choice of the fragmentation rule and of the individual particle crushing strength 
values is expected to have a direct effect on the extent of breakage within the particle 
assembly. Most of the work was carried out using the rule of the maximum contact 
force and strength distribution obtained from the MPCS test. A detailed analysis of 
the effect of these parameters will be analysed in section 6.2 .3 .
6.2.2.2 Simulation o f the surface damage process
The surface damage in consideration here is the elastic-plastic damage by the 
propagation of lateral cracks as particles are loaded and slide against each other by 
shearing. This model was developed by Ghadiri and Zhang (1992) based on the 
approach of Evans and Wilshaw (1976) for the wear process of material with a semi- 
brittle failure mode.
When two particles of radii Rj and R2 are in contact with each other and the contact 
force P is sufficiently large to initiate lateral cracks, the sliding of the particles over 
each other over a distance L, leads to loss of material bounded by these cracks. The 
mechanism of wear by lateral crack formation is shown schematically in Fig. 6.7.
hi
li
Figure 6.7: The mechanism o f wear by lateral crack formation, where L is the 
sliding distance, a is the size o f the impression, // and hi are the length and depth o f the 
lateral crack respectively.
216
The volume loss by surface damage, Vw, can therefore be estimated from:
Vw oc 2l,h,L + nl]h, (6.12)
where // and h\ are the length and depth of the lateral crack and provided that li is much 
smaller than the particle radius. In order to use this equation to calculate the volume 
loss by surface damage, the crack length and depth has to be estimated from the
particle material properties. The model of Ghadiri and Zhang (1992) was used in this
work where the crack length, //, is related to the hardness, H, and fracture toughness,
Kc, of the particle by:
I, H-Jct_L az — (6.13)
a Kc
where a is the radius of the impression, as shown in Fig. 6.7. The crack depth, /?/, is 
proportional to the radius of the impression, a, which is in turn proportional to the 
square root of the ratio of applied load, Fn, to the particle hardness assuming a plastic 
indentation process.
Therefore, the volume loss due to surface damage, Vw, is given by:
0 0 7 F 5/4 tzt 1/4 i f 1/4 F 3/4
K .=  - T "  (2 L + -" ) (6.14)
Kctc I H 1 \1.\KC
This shows that the fracture toughness has a stronger influence on the volume loss 
than the particle hardness. The determination of these two material properties was 
carried out for a limited number of samples and particularly for the commercial 
sample F2M1D2S2 and was presented in Chapter 3.
The force, Fy> at which yielding occurs is also given as an input in the code in order 
to simulate the wear process. Assuming a Hertzian contact deformation up to the 
point of yielding between two particles pressed on each other, Fy can be estimated by 
(Johnson, 1985):
R '2Y 3
Fy = 21.167 (6.15)
E '
where Y is the plastic yield stress.
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In most of this work the surface damage has not been simulated, as the sliding of 
particles is limited in a compression test. A limited number of tests were carried out 
to check the influence of the surface damage process on the extent of attrition 
experienced by the assembly. This will be presented in Section 6.2.3.5. The surface 
damage was simulated by Ghadiri and Ning (1997) when both normal and shear 
stresses were applied as in the shear deformation.
6.2.3 Determination of the BCS values
6.2.3.1 Determination o f the BCS based on the average crushing strength and the 
standard deviation
Simulations of the BCS test were performed at different pressures from 1.0 to 4.0 
MPa with a crosshead speed of 0.1 m s'1 where the individual particle strength was 
randomly assigned to the particles based on the average crushing strength 
distribution of the commercial sample F2M2D2S2, with an average crushing strength 
of 39.1 N, and the standard deviation of 9.1 N assuming a Gaussian distribution to be 
applicable. The evolution of the percentage of broken particles as a function of the 
normal pressure applied on the particle assembly is shown in Fig. 6.8. The BCS 
value, which is equal to the pressure at which 0.5 % of broken particles, is 2.1 MPa 
for the commercial sample based on the average and standard deviation values of the 
crushing strength.
The distribution of the crushing strength of the broken particles as a function of the 
compressive loading applied is shown in Fig. 6.9. As the value of the compressive 
loading increases, the particles with higher strength broke. The particles 
with a crushing strength between 20 N and 30 N have the highest frequency of 
breakage within the bulk assembly. This is lower than the average value that was 
used to introduce a strength value to each particle, i.e. 39.1 N. Therefore the 
particles with a low crushing strength tend to break preferentially during the test. 
However, the tail end of the distribution is not accurately fitted by a Gaussian 
distribution. It is therefore very important to input into the code the actual crushing
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strength distribution obtained experimentally and not only a Gaussian distribution 
based on the average value and the standard deviation of the experimental data.
Pressure (MPa)
Figure 6.8: Effect o f  the compressive loading and crushing strength values on the 
number percentage o f  broken particles within the assembly.
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Figure 6.9: Original strength distribution o f the particles based on a Gaussian 
distribution with an average o f  39.1 N  and a standard deviation o f 9.1 N  and 
crushing strength distribution o f  the broken particles as a function o f the 
compressive loading applied.
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In order to simulate the behaviour of the particles tested experimentally in a more 
accurate way, the SCS data were divided into a large number of small ranges, i.e. 29 
ranges in this case, to each of which a normal distribution was fitted. Therefore, 
instead of using only one Gaussian distribution of crushing strength for the 4000 
particles as in section 6.2.3.1, 29 Gaussian distributions were used as described in 
Appendix J.
The simulation of the extent of breakage experienced by the assembly with these new 
values of the strength distribution is shown in Fig. 6.8, and can be compared with the 
results from the previous simulation where only one Gaussian distribution was used. 
The two attrition curves shown in Fig. 6.8 fit very well a power law of the 
compressive loading. However, the extent of breakage experienced by this new 
particle assembly is much higher than when only one Gaussian distribution was 
introduced and the BCS value is now equal to 1.4 MPa. The comparison of the 
strength distribution of the particles that broke during the compression with the 
original distribution introduced as seen in Fig. 6.10 shows that a large number of 
weak particles have now been broken. Under a compressive loading of 1.0 MPa, 
only 5 particles with a crushing strength below 10N and one with a crushing strength 
of 11 N broke. However, under a compressive loading of 2.5 MPa, almost all the 
particles within the lowest strength range broke. This is expected to compare better 
with the experimental test. Therefore it is important to reproduce exactly the 
distribution of the crushing strength observed experimentally and particularly the 
weaker particles as they will tend to break preferentially during the compression test, 
see the percentage distribution of the strength of the broken particle within a SCS 
range in Fig. 6.10 (b).
6.2.3.2 Determination o f the BCS based on the crushing strength distribution
determined experimentally by the SCS test.
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(a) Number strength distribution of the original assembly and of the broken particles.
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(b) Percentage distribution of the broken particles within the SCS range.
Figure 6.10: Original strength distribution o f the particles based on 29 Gaussian 
distributions (a) and effect o f the applied compressive loading on the crushing 
strength distribution o f the broken particles (a) and on the percentage distribution o f  
the broken particle particles within the SCS range (b).
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In the two previous cases, the strength given to each particle was based on the data 
obtained experimentally by crushing individual particles between two platens. 
However, the loading system within a particle assembly is different from an SCS 
test, as for the former each individual particle is loaded and supported by several 
particles surrounding it. Therefore, the number of contact points is in most cases 
well above two and in general between four and five. This has a direct effect not 
only on the way the particle breaks but also on the level of stresses at which it breaks 
due to changes in the trajectory of the highest tensile stresses within the particle 
(Gundepudi et al., 1997). It was observed experimentally that the catalyst beads that 
were crushed between two platens had a higher frequency of weak particles than 
when crushed between a bed of stainless steel beads and a platen. Therefore, further 
simulations of the BCS tests were carried out using the Multiple Particle Crushing 
Strength (MPCS) distribution determined experimentally for the commercial sample, 
F2M2D2S2. The strength distribution was divided in 22 small ranges in which the 
data were fitted to a Gaussian distribution so that the experimental data were better 
reproduced for the simulation tests. The details of the strength distribution are given 
in Appendix J.
The results of the simulations of the two assemblies of particles, with their 
distributions as determined by the SCS and MPCS tests are shown in Fig. 6.11. The 
MPCS distribution gives slightly less breakage than the SCS distribution. The BCS 
value is therefore slightly higher (1.62 MPa). The differences between the extents of 
breakage can be easily understood by looking at the cumulative SCS and MPCS 
distributions input data into the code for these two sets of simulation. Figure 6.12 
shows that the MPCS distribution contains slightly a lower percentage of weak 
particles, which will tend to break preferentially during the BCS test. Therefore, the 
extent of breakage under compressive loading is slightly lower for the simulation 
using the MPCS data. It can be observed in Fig. 6.11 that the choice of one of these 
criteria is not as sensitive as the accurate simulation of the fraction of weak particles, 
i.e. Fig. 6.8.
6.23,3 Determination o f the BCS based on the crushing strength distribution
determined experimentally by the MPCS test.
2 2 2
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Pressure (MPa)
Figure 6.11: Effect o f the compressive loading and crushing strength distribution on 
the percentage o f broken particles within the assembly.
Crushing strength (N)
Figure 6.12: Comparison o f the cumulative strength distribution obtained by SCS 
and MPCS tests.
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6.2.3.4 Effect o f the fragmentation rule
The computer simulation results presented in the previous sections were carried out 
by using the criterion based on the maximum inter-particle contact force as the 
fragmentation rule. Therefore, if one o f the highest contact forces was higher than 
the particle crushing strength, the particle was regarded as broken. A set of 
simulation tests was carried out in order to check the extent of breakage experienced 
by the particle assembly when the average value of the two highest contact forces 
was compared to the particle strength to check the effect o f the fragmentation rule. 
In these tests, the MPCS distribution was used for the input data into the computer 
code. The use of the rule based on the average of the two highest contact forces 
leads to a slight increase in the bulk crushing strength as shown in Fig. 6.13. The 
BCS value is increased from 1.62 MPa to 1.78 MPa. This results show that the 
choice o f these rules is not very sensitive. The small difference can be explain by the 
fact that the contact force distribution within a granular media is not uniform and 
therefore, the average value of the two highest contact forces will be always slightly 
lower than the maximum contact force.
Pressure (MPa)
Figure 6.13: Effect o f the compressive loading and fragmentation rule on the extent 
o f breakage experienced by the assembly, with strength based on the MPCS 
distribution.
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6.2.3.5 Determination o f  the BCS values when both the fragmentation and surface 
damage processes are simulated.
The simulation of the surface damage is based on the formation of lateral cracks as 
described in Section 6.2.2.2. In order to calculate the volume of material removed by 
the surface damage during the BCS test using Eqn. 6.16, the material properties of 
the particles, i.e. modulus of elasticity, fracture toughness and hardness, were 
measured for the commercial sample, F2M1D2S2. The method was described in 
Chapter 3, and the data used in the simulation are summarised in Table 6.3. Based 
on the sample material properties, Equation 6.14 becomes:
V„ = 1.39xlO~9IF „5/4 +4.02x1(TI4F„2 (6.16)
The calculation of the yield force, Fy, based on these material properties and on the 
yield stress, which is assumed to be equal to one third of the hardness, gives very low 
values, i.e. typically below 0.1 N. The use of this value of yield force led to 
unrealistically high volume of wear- during the BCS test. Therefore, two values of Fy 
were arbitrarily selected to analyse the influence of the surface damage process on 
the extent of breakage within the bulk assembly. These values were 4 N, which is 
lower than the lowest crushing strength observed, and 12 N.
Table 6.3: Material properties o f  the commercial sample F2M1D2S2.
Sample Young modulus 
(GPa)
Hardness
(GPa)
Fracture toughness 
(MPa m °5)
F2M1D2S2 16 0.32 0.18
The effect of including the wear process in the simulation of the extent of breakage 
experienced by the assembly is shown in Fig. 6.14. The BCS values for the 
assembly simulated with a yield force equal to 4 N are equal to 1.4 MPa and 1.64 
MPa based on the percentage of fragmentation and wear, respectively. These values 
become 1.6 MPa and 2.35 MPa respectively when the yield force is equal to 12 N. 
There is a direct effect not only on the percentage of wear produced, but also on the 
number of broken particles as shown in Table 6.4.
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Figure 6.14: Effect o f the compressive loading on the attrition (fines and fragments) 
when the surface wear is simulated using Fy=4 N, Fy=12 N  and comparison with the 
values obtained when no surface wear is simulated.
Table 6.4: Effect o f  the surface damage on the particle radius and average contact 
force at the maximum level o f compression fo r the pressures o f  1.5 MPa and 2.5
MPa.
1.5 MPa 2.5 MPa
No wear
No broken particles 
Average contact force (N) 
Average -  minimum radius (mm)
12 
2.969 
0.95000 - 0.90000
81 
4.745 
0.95000 -  0.90000
Fy=12 N
No broken particles 
Average contact force (N) 
Average & minimum radius (mm)
11
2.922
0.95000-0.89880
130 
4.097 
0.94995 -  0.87464
Fy= 4 N
No broken particles 
Average contact force (N) 
Average & minimum radius (mm)
40 
2.691 
0.94900 -  0.87086
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3.949
0.94642-0.85900
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In order to analyse the reasons for this increase in the particle breakage due to the 
simulation of the wear mechanism, the load-displacement graphs obtained for the 
three cases, i.e. no wear, Fy = 12 N and Fy = 4 N are shown in Fig 6.15 (a). It can be 
seen that the load-displacement curves obtained for all the cases are very close to 
each other until a platen displacement of 0.00179 m, where the slope of the curve 
starts deviating for the third case, i.e. Fy = 4 N. In addition, the number of broken 
particles up to this point is similar* for the three cases as shown in Fig. 6.15 (b). 
Gross and unrealistic departure occurs at large displacements for Fy=4N, caused by 
the decrease in the particle radius due the surface damage process as shown in Table 
6.4. The wear mechanism makes the particles smaller, hence off-loading the contact 
forces to the neighbouring particles, and if any of the neighbouring particles are weak 
then more opportunities for particle breakage occur. As a result of the particle radius 
decrease, die platen can move deeper into the particle assembly, allowing more 
opportunities for particle breakage to occur (see Fig. 6.15 (b)). The sudden big drop 
in the platen pressure just after a platen displacement of 0.00185 m is due to a large 
number of particles breaking at the same time as shown in Fig. 6.15 (b). This led to a 
general collapse of the particle assembly because the particles that broke were 
localised within a narrow space at the top of the cup as shown in Fig. 6.16, and 
because the inter-particle contact forces were very high, causing the breakage of high 
strength particles as shown in Fig. 6.17. This suggests the presence of large force 
chains within this part of the assembly.
The value of the yield force used has a direct effect on the amount of wear produced 
as shown in Fig. 6.14. The values obtained with a yield force equal to 4 N are almost 
overlapping with the data of broken particles obtained when no wear was simulated. 
This shows the importance of selecting the correct value of yield force for the 
specimen tested. The data of Fig. 6.14 will be compared to the experimental results 
in Section 6.2.7.
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Figure 6.15: Effect o f the simulation o f the surface wear process on the load- 
displacement curves (a) and on the number o f broken particles (b).
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Figure 6.16: Effect o f the simulation o f  the surface wear process on the location o f  
the broken particles on an X-Y plane after a compressive loading o f 1.5 MPa.
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Figure 6.17: Effect o f the simulation o f the surface damage process on the number 
distribution o f the broken particles after a compressive loading o f  1.5 MPa.
6.2.4 Analysis of the statistical reliability of the results
Tests were carried out with eight different assemblies, which were prepared with 
different initial seeds in order to improve the statistical reliability o f the results. For
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these eight assemblies, the same generation method and the same MPCS distribution 
as the one introduced in section 6.2.3.3 were used. The results of percentage of 
broken particles are presented in Fig. 6.18, both on a logarithmic scale on the left 
axis and on a linear scale on the right axis. The total width of the vertical error bars 
is equal to two standard deviations.
Pressure (MPa)
Figure 6.18: Analysis o f  the statistical reliability o f the BCS test by carrying out tests 
with eight different particle assemblies.
Under low compressive loadings, the error bars appear bigger on the log-linear plot. 
This is an artefact of the logarithmic scale. As the strength is randomly assigned to 
each particle and the contact forces are not uniformly distributed among the 
assembly, the probability of breakage depends on the crushing strength of the 
particles experiencing high contact forces. Under low pressures, the extent of 
breakage is limited to few particles, i.e. between 0 and 10 broken particles for a 
pressure of 1.0 MPa. Under high compressive loadings, the error bars on a log-linear 
plot appear very small. However, the ratio of the width of the error bars to the 
average values can be as large as 0.5 for high loads, which show some
variations between the different sets of data. Therefore, this shows the importance of
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repeating the BCS tests with different assemblies in order to improve the statistical 
reliability of the results. The BCS value determined from Fig. 6.18 is equal to 1.60 
MPa, which is very close to the value obtained from Fig. 6.11. This confirms that 
the statistical reproducibility of the results is good at low compressive loadings.
6.2.5 Visualisation and analysis of the particle breakage
One of the advantages of the simulation of this type of granular test is the possibility 
of in-depth analysis of the particle breakage within the assembly. The position and 
strength of each particle that breaks within the assembly as well as the contact force 
distribution at any time during the compression test can be monitored. In this 
section, an analysis of the location of the broken particles and contact forces is 
presented.
The effect of compressive loading on the particle breakage can be observed in Fig.
6.19, where on the left-hand side 3D images of the particle assembly after the 
compressive loadings of 1.5 MPa, 2.5 MPa and 3.5 MPa are shown. The broken 
particles are coloured in green and the undamaged ones in white. In order to show 
the position of the broken particles better, the unbroken particles have been discarded 
from the right hand side of Fig. 6.19.
The broken particles are distributed within the particle assembly. However there is a 
slightly higher frequency of broken particles towards the top part of the cup and 
away from the side walls. It is unlikely that the strength of the particles within the 
top part of the cup is lower than at the bottom or near the side walls, as the crushing 
strength distribution is random within the particle assembly. Therefore, the most 
likely reason is that the contact forces near the crushing platen are higher than at the 
bottom of the cup or near the side walls, due to the presence of friction on the side 
walls. In addition, particles within the first top layer will have a lower coordination 
number, which gives them a highest crushing probability than the particles within the 
assembly, according to Gundepudi et al (1997) and Tsoungui et al. (1999).
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The effect of compressive loading on the inter-particle contact forces within the 
particle assembly is shown in Fig. 6.20, where the contact forces larger than 20 N are 
only plotted on the left-hand side, whereas on the right-hand side, only the contact 
forces larger than 8 N are plotted. In addition, the thickness of the lines of the 
contact forces is made to represent the magnitude of the contact forces. Most of the 
contact forces have a direction parallel to the loading direction as shown in the left- 
hand side graphs of Fig. 6.20. After a low compressive loading of 1.5 MPa, only a 
few vertical contact forces higher than 20 N can be observed near the crushing 
platen.
With an increase in the compressive loading, the number of these contact forces 
increases and the formation of strong chain of forces can be observed. It is 
interesting to note that the frequency of contact forces is high near the top part of the 
cup due to the large inter-particle contact forces within this area. Near the side walls, 
the frequency of breakage is low, presumably due to wall effects. As the 
compressive loading is increased within the particle assembly, the frequency of 
contact forces larger than 8 N increases consistently leading to the formation of 
multiple chains of contact forces. However, some areas still show a very low 
frequency of contact forces such as the front bottom right corner and the back bottom 
left corner, which correspond to areas with no broken particles, as shown in Fig.
6.19.
An analysis of the effect of the compressive loading on the contact force distribution 
is shown in Fig. 6.21, where the contact force is normalised to the average value. By 
comparing the three curves in the section where the normalised contact force is 
below or equal to 1, it can be seen that an increase in the compressive loading leads 
to a lower frequency of particles with a contact force smaller than average. Thornton 
and Antony (1998) also observed that the distribution of the above-average contact 
forces depends on the stress level and when the stress level is increased, the contact 
force tends towards a Gaussian distribution, in which there is a more uniform 
distribution of the load between the contacts.
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(a) 1.5 MPa
(b) 2.5 MPa
(a) 3.5 MPa
Figure 6.19: Visualisation o f the particle breakage within an assembly under the 
compressive loadings o f  1.5 MPa (a), 2.5 MPa (b) and 3.5 MPa (c). On the left-hand 
side, all the particles are plotted, whereas on the right-hand side, only the broken 
particles (in green) are plotted.
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(a) 1.5 MPa
(b) 2.5 MPa
(c) 3.5 MPa
Figure 6.20: Visualisation o f the inter-particle contact forces within an assembly 
after the compressive loadings o f  1.5 MPa (a), 2.5 MPa (b) and 3.5 MPa (c). On the 
left-hand side, only the contact forces higher than 20 N  are plotted, whereas on the 
right-hand side, only the contact forces higher than 8 N  are plotted.
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Figure 6.21: Effect o f the final compressive loading on the normal contact force 
distribution.
The pictures of the contact forces shown in Fig. 6.20 were plotted at the end o f the 
compressive loading, once the maximum pressure was reached and the system was 
stable. However, it would be interesting also to follow the evolution of the contact
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forces during the compressive loading and to compare the stronger chains of contact 
forces with the position of the broken particles. Three stages of a compressive 
loading are shown in Fig. 6.22. For each level of platen stress, the contact forces 
within the particle assembly higher than 8 N are plotted on the left-hand side and the 
particles that broke at this level of compression are plotted on the right hand side. At 
a platen pressure of 0.818 MPa, only two particles break. However, already large 
chains of contact forces have formed, which are localised in the top pail of the cup 
and will lead to the breakage of more particles as the contact forces increase during 
the crushing test. At a platen stress of 1.42 MPa, already 10 particles have broken.
The comparison of the thickness of the lines representing the contact forces between 
these two stages of compression (i.e. 0.818 MPa and 1.42 MPa) shows a slight 
decrease in the overall contact forces. This is due to the breakage and removal of 
few particles within the assembly that led to a decrease in the number of contacts and 
in the contact forces. With a further increase in the platen stress, more particles 
break within the assembly but also more and stronger chains of contact forces higher 
than 8 N are generated.
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(a) Platen stress: 0.818 MPa (2 broken particles)
(b) Platen stress: 1.42 MPa (10 broken particles)
(c) Platen stress: 1.53 MPa (25 broken particles)
Figure 6.22: Effect o f  the compressive loading on the force propagation within 
particle assembly on the left-hand side and on the location o f  the broken particles 
the right hand side. Only contact forces higher than 8 N  are plotted. on
The visualisation of the particle assembly after a compressive loading is also 
interesting to analyse where the attrition by the surface damage process and its effect 
on the particle diameter can be observed. In Figs. 6.23 and 6.24, where the assembly 
after a compressive loading of 1.5 MPa and 2.5 MPa has been plotted based on a 
yield force of 12 N and 4 N, respectively, the undamaged particles are coloured 
white and the broken ones green as previously. However, the particles that have 
experienced a decrease in the radius of less than 10 % are coloured cyan. With a 
yield force of 12 N, after a compressive loading of 1.5 MPa, almost no particles have 
experienced wear as shown in Fig. 6.23 (a). However, when the compressive loading 
is increased to a value o f 2.5 MPa, a significant number of particles have experienced 
surface damage, especially toward the top part of the cup where the impact forces are 
higher (see Fig. 6.23 (b)). When the yield force is taken equal to 4 N, even at the 
compressive loading of 1.5 MPa, a large number of particles have experienced 
surface damage and the attrition seems to be more uniformly distributed over the 
particle assembly, as shown in Fig. 6.24 (a). A further increase in the compressive 
loading to values of 2.5 MPa shows that almost all the particles have experienced 
wear at this stage of compression. The differences between Fig. 6.23 and Fig. 6.24 
confirm the direct effect o f the yield force on the production of fines, as already 
observed in Fig. 6.14.
(a) 1.5 MPa (b) 2.5 MPa
Figure 6.23: Visualisation o f the particle attrition within the assembly after a 
compressive loading o f 1.5 MPa (a) and 2.5 MPa (b), when the yield force is equal to 
12 N. The colour code is: white fo r  undamaged particles, green fo r broken particles, 
cyan fo r particles which have experienced a slight surface damage with the particle 
radius being between 90 % and 100% o f its original value.
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(a) 1.5 MPa (b) 2.5 MPa
Figure 6.24: Visualisation o f the particle attrition within the assembly after a 
compressive loading o f 1.5 MPa (a) and 2.5 MPa (b), when the yield force is equal to 
4 N. The colour code is: white fo r  undamaged particles, green fo r broken particles, 
cyan for particles which have experienced a slight surface damage, i.e. when the 
particle radius is between 90 % and 100% o f its original value.
6.2.6 Effect of the loading rate
The computer simulation results presented in the previous section were obtained for 
a loading rate of 0.1 m s'1. This was chosen in order to reduce the simulation time. 
However, the difference in the loading rate between the experimental and simulation 
tests could lead to different extents of breakage. It was shown experimentally that 
when the crosshead speed was increased in the experimental test in order to get 
closer to the simulation crosshead speed, a decrease in the extent of breakage was 
observed. Therefore, the effect o f loading rate on the particle breakage was also 
investigated by computer simulation. The same assembly as before, i.e. the assembly 
with E=16 GPa and p=0.5, was tested in the pressure range of 1.0-4.0 MPa, using 
three different loading rates of 0.1 m s'1, 0.01 m s'1, 0.001 m s'1. The results are 
presented in Fig. 6.25.
It can be seen that a decrease in the rate of loading leads to a small decrease in the 
extent of breakage but not to a significant effect on the value of the bulk strength. In 
order to analyse the reasons for the small decrease in the extent of breakage with a
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decrease in the crosshead speed, the pressure-displacement curves obtained for the 
compressive loading of 1.5 MPa and 2.5 MPa at the crosshead speed of 0.1 m s'1, 
0.01 m s'1, 0.001 m s'1 are plotted in Fig. 6.26.
Pressure (MPa)
Figure 6.25: Effect o f the crushing platen velocity on the extent o f breakage (E=16 
GPa, Friction=0.5).
Displacement (m)
(a) 1.5 MPa
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Figure 6.26: Effect o f the crosshead speed on the pressure displacement curves fo r  
the compressive loadings o f 1.5 MPa (a) and 2.5 MPa (b).
The simulations at the three speeds were carried out with the same assembly in order 
to eliminate any fluctuations due to the heterogeneous packing of the particles near 
the crushing platen. Similar slopes were obtained for the three crosshead speeds. 
The main differences between the three tests are at the initial stage of the 
compression. At a slower crosshead speed, the assembly starts to bear the load later 
but with a stiffer slope since the beginning. For the fastest crosshead speed, i.e. 0.1 
m s'1, the assembly starts to bear the load after a displacement of about 0.0013 m, 
whereas for the lowest crosshead speed, i.e. 0.001 m s'1, this occurs after a 
displacement of about 0.0017 m. This is due to the effect of strain rate on the 
reorganisation of the assembly after the first contact between the platen and the 
assembly, which led to important particle movements as shown in section 6.2.1. At a 
slow strain rate, the assembly of particles has more time to get to a higher packing 
fraction before starting to bear higher loads. This explains an increase in the stiffness 
of the assembly at this initial stage with a decrease in the crosshead speed. This may 
have a direct effect on the packing o f the particles in the assembly and therefore on 
the number of contacts and extent of breakage. Table 6.5 shows the effect of the 
crosshead speed on the particle assembly after a platen displacement of 0.0015 m and 
after the compressive loadings of 1.5 MPa and 2.5 MPa.
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Table 6.5: Effect o f  the crosshead speed on the assembly packing during and after 
the compressive loadings o f  1.5 MPa and 2.5 MPa.
State of compression Parameters 0.1 m/s 0.01 m/s 0.001 m/s
Initial assembly Contact No. 9529 9529 9529
Coordination No. 4.765 4.765 4.765
After a platen 
displa­
cement of 0.0015 m
Contact No. 8139 8113 8200
Coordination No. 4.069 4.056 4.100
1.5 MPa No Broken particles 12 10 9
Contact No. 9482 9878 10030
Coordination No. 4.755 4.951 - 5.026
2.5 MPa No Broken particles 81 85 70
Contact No. 9854 10201 10227
Coordination No. 5.029 5.211 5.205
A decrease in the crosshead speed leads to an increase in the coordination number 
and therefore to a denser packing. This means that the contact forces at a given 
compressive loading should be more uniformly distributed within the assembly when 
compressed at a lower crosshead speed. The contact force distributions are 
compared in Fig. 6.27 for the two loading rates of 0.1 and 0.001 m s' 1 for an applied 
pressure of 2.5 MPa.
The two distributions are very similar although small differences can be detected. 
The frequency of high contact forces, e.g. above 1 N, slightly diminishes and the 
frequency of low contact forces, e.g. below 1 N, slightly increases when the rate of 
loading is decreased. Therefore, lower extents of breakage should be expected for 
smaller loading rates and the contact forces are slightly more homogeneously 
distributed within the particle assembly. This may explain the small decrease in the 
extent of breakage with a decrease in the loading rate.
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Figure 6.27: Distribution of the contact forces after a compressive loading o f 2.5 
MPa for the crushing platen velocities o f 0.1 m s'1 and 0.001 m s'1.
In order to check the effect of loading rate on the propagation of normal forces, the 
locations of the broken particles are compared for the three loading rates of 0.1 m s'1, 
0.01 m s' 1 and 0.001 m s’1. This can be seen in Fig. 6.28 for the compressive 
loadings of 1.5 MPa on the left-hand side and 2.5 MPa on the right hand side. For 
the three loading rates, the breakage occurs everywhere, however there is a higher 
concentration of broken particles near the crushing platen. By comparing the 
proportion of broken particles towards the top part of the cup, it can be noted that the 
concentration of broken particles in this region decreases as the loading rate is 
decreased. This implies that the normal load is more uniformly distributed. Areas 
with no breakage can be observed in all the three cases. This confirms an 
inhomogeneous distribution of the contact forces and presumes the formation of 
force chains through particles. The effect o f the crosshead speed on the formation of 
force chains was analysed by plotting the largest contact forces within the particle 
assembly after compression at 1.5 MPa and 2.5 MPa in Figs. 6.29 and 6.30, 
respectively, where on the left-hand side, only the contact forces higher than 20 N 
were plotted and on the right hand side, only the contact forces higher than 8 N. A 
decrease in the crosshead speed leads to a decrease in the number of large contact 
forces near crushing platen, i.e. above 20 N. This can be observed for both the
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compressive loadings of 1.5 MPa and 2.5 MPa. However, the effect of the crosshead 
speed on the distribution and location of contact forces bigger than 8 N is not that 
clear due to the higher number of contacts.
(a) 0.1 m s' 1
(b) 0.01 m s*1
(c) 0.001 m s*1
Figure 6.28: Effect o f the crosshead speed on the particle breakage after a 
compressive loading o f 1.5 MPa (left) and 2.5 MPa (right).
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(a) 0.1 m s' 1
(b) 0.01 m s' 1
(c) 0.001 m s' 1
Figure 6.29: Effect o f  the crosshead speed on the inter-particle contact forces under 
a compressive loading o f 1.5 MPa. On the left-hand side, only the contact forces 
above 20 N  are plotted. On the right-hand side, only the contact forces above 8 N  
are plotted.
245
(a) 0.1 m s' 1
(b) 0.01 m s"1
(c) 0.001 m s' 1
Figure 6.30: Effect o f the crosshead speed on the inter-particle contact forces under 
a compressive loading o f 2.5 MPa. On the left-hand side, only the contact forces 
above 20 N  are plotted. On the right-hand side, only the contact forces above 8 N  
are plotted.
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6.2.7 Comparison with the experimental results
The experimental and simulation data obtained for several loading speeds are 
compared in Fig. 6.31, where only the criterion of broken particles is applied to 
describe the extent of attrition.
Pressure (MPa)
Figure 6.31: Comparison between the experimental and simulation results o f  the 
BCS tests when only the fragmentation process was simulated.
The BCS obtained from the simulation using the experimental single particle 
crushing strength distribution is slightly higher than the experimental one at similar 
loading speed, i.e. about 0.001 m s '1. The assembly generated by computer 
simulation experiences less breakage than the experimental one under similar 
compressive loadings. However the results show that the experimental and 
simulation results follow similar trends and power law equations can be fitted to both 
sets of values, as shown in Table 6.6.
In addition, opposite effects of the loading speed on the extent o f breakage are 
observed for the experimental and computer simulation results. A decrease in the 
loading speed from 1.7 mm s' 1 to 0.008 mm s'1, leads to an increase in the extent of 
breakage for the experimental assembly. However, a decrease in the loading speed 
from 0.1 m s' 1 to 0.001 m s' 1 leads to a slight decrease in the extent of breakage for
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the simulation assembly. The reasons for these opposite trends are unclear, at the 
moment, although the range of crosshead speeds tested with the two techniques are 
not overlapping. In fact the strain rates approach a common value of 0.001 m s' 1 
from two different limits, and there may be different mechanisms prevailing when 
comparing the experimental and simulation results. Therefore, further simulation 
tests should be carried out at a lower crosshead speed to confirm this result. 
However, as the simulation tests at a crosshead speed of 0.001 m s "1 were already 
very slow for the computational power available for this work, these tests have not 
been carried out yet.
Table 6.6: Power law fitting o f the experimental and simulation extent o f  breakage 
data.
Experimental data Simulation data
Crosshead speed 
(m s"1)
Power law fitting Crosshead speed 
(m s"1)
Power law fitting
0.000008 0.6092x2'27il 
(Fit.=99.65 %)
0.001 0.0999x3io1 
(Fit =98.81 %)
0.0017 0.1922x2S4“7 
(Fit.=96.43 %)
0.1 0.0455X3-459'  
(Fit =99.94 %)
Several conjectures may be forwarded to explain the slight underestimation of the 
results, especially for the low compressive loadings. Firstly, it was shown that the 
results under low compressive loadings are more subjected to statistical variation of 
the particle strength and to the location of the chains of strong contact forces than 
under higher compressive loadings. At present, each test was carried out using only 
4000 particles. The statistical reliability was checked by repeating this test with 
eight different assemblies. Similar BCS values were obtained from the compression 
data of one 4000 particles assembly and eight 4000 particles assemblies. Therefore, 
the statistical reliability of the data was fairly good. Secondly, the side-walls have a 
direct effect on the packing of the spheres. The effect extends to about five particle 
diameters from the walls, as clearly shown on the 3D plot of the contact forces 
within the assembly. Therefore, if the test is carried out in a small cup, the real bulk 
property will not be measured. In the experimental test reported above, a cylinder of
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diameter of 40 mm was used. In the simulation tests the container is a cuboid. This 
may have some effect due to stress localisation in the corners.
In addition, the material properties of the beads used in the simulations, i.e. crushing 
strength distribution and Young’s modulus, have a major effect on the BCS values. 
The experimental tests showed that Young’s modulus varied within a sample in a 
similar way to the crushing strength. Therefore, a distribution of Young’s modulus 
rather than an average value should be used. Finally, in this work, only the 
fragmentation mechanism was simulated, which was considered as the main damage 
process as compared with the surface damage mechanism. However, the simulation 
of the particle surface wear could lead to an increase in the particle breakage. A 
limited number of tests were therefore carried out at a crosshead speed of 0.1 m s ’1, 
taking into account the surface wear process.
The effect of the addition of the surface damage process is shown in Fig. 6.32 (a) 
where the total extents of breakage are compared and in Fig. 6.32 (b), where only the 
percentages of fines are plotted. The introduction of the surface wear process leads 
to a general increase in the extent of breakage, due to the removal of surface layers, 
but also due to an increase in the number of broken particles. It seems that the test 
where the yield force is taken equal to 4 N is unrealistic as it overestimates the 
amount of fines produced by the surface wear process as shown in Fig. 6.32 (b). 
However, the use of a larger yield force, i.e. 12 N, leads to an extent of attrition by 
the formation of fines very close to the experimental value, especially for the lowest 
compressive loadings. This is an interesting finding as the discrepancies between the 
experimental and computer simulation results were observed mainly for the lowest 
compressive loadings. Therefore, by simulating both mechanisms of breakage, i.e. 
fragmentation and surface damage, a reasonable agreement between the experimental 
and computer simulation results can be obtained, and most importantly, all the sets of 
data follow a similar power-law function of the normal applied pressure.
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Figure 6.32: Comparison between the experimental and simulation results o f  the 
BCS tests when both the fragmentation and the surface damage processes were 
simulated.
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6.3 Analysis of the effect of material properties
6.3.X Effect of Young’s modulus and friction coefficient
In order to study the influence of Young’s modulus, E, on the extent of breakage 
during a BCS test, E was varied from 3 GPa to 70 GPa, keeping the other parameters 
constant. In these tests, the coefficient of friction of the particles was equal to 0.5. 
These new assemblies were generated from the original assembly, i.e. E=16 GPa, by 
decreasing or increasing slowly the modulus of elasticity dining many cycles to 
avoid to generate instabilities in the assembly. The BCS results are presented in Fig. 
6.33 (a). An increase in E from 3 to 70 GPa leads to an increase in the extent of 
breakage under compressive loading. The BCS values are 2.1 MPa for E=3 GPa, 1.7 
MPa for E=8 GPa, 1.65 MPa for E=16 GPa, 1.43 MPa for E=30 GPa, and 1.38 MPa 
for E=70 GPa. A bead with high Young’s modulus will have less elastic 
deformation and will concentrate the load on a more localised pattern. This is shown 
easily by comparing the slope of the pressure-displacement curves obtained for 
assemblies with different Young’s modulus as shown in Fig. 6.34 for the 
compressive loading of 1.5 MPa. The slope of the loading curve is lower for soft 
assemblies, i.e. particles with a low Young’s modulus. In this case the assembly is 
more compressible due to larger contact deformations and the force chains within the 
assembly are more distributed and hence weaker. The slope of the loading curve for 
the hard assemblies, i.e. with a high Young’s modulus is stiffer, leading to the 
propagation of stronger force chains within the assemblies, and hence more 
breakage. The comparison of the contact force distributions and average values after 
a compressive loading of 1.5 MPa given in Fig. 6.35 supports this suggestion. An 
increase in Young’s modulus leads to an increase in the average contact force and to 
a decrease in the percentage of contact forces smaller than the average value.
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Figure 6.33: Effect o f Young's modulus (a) and coefficient o f friction (b) on the 
extent o f  breakage produced within the assembly by compressive loading.
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Displacement (m)
Figure 6.34: Effect o f Young's modulus on the pressure-displacement curve obtained 
during a compressive loading o f 1.5 MPa.
F/<F>
Figure 6.35: Effect o f Young's modulus on the contact force distribution and 
average values after a compressive loading o f 1.5 MPa.
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In order to study the effect of the coefficient of friction on the particle breakage, two 
assemblies with a Young’s modulus of 16 GPa and a coefficient of friction of 0.3 and 
0.8 were generated from the original assembly which was prepared with p=0.5, by 
slowly decreasing or increasing the coefficient of friction. The breakage was 
compared with the assembly with a coefficient of friction of 0.5 generated 
previously. An increase in the coefficient of friction from 0.3 to 0.8 leads to an 
increase in the extent of breakage as shown in Fig. 6.33 (b), especially for high 
compressive loadings. The BCS values are 1.70 MPa for p=0.3, 1.62 MPa for p=0.5, 
and 1.45 MPa for p=0.8. The effect of the coefficient of friction on the pressure- 
displacement curve after a compressive loading of 1.5 MPa is shown in Fig. 6.36. 
An increase in the coefficient of friction leads to a similar slope for the loading 
curve. The assembly with a coefficient of friction of 0.8 started to bear the load 
earlier than the two other assemblies, as shown in Fig. 6.36, due to an increase in the 
tangential forces leading to a decrease in the particle sliding and therefore to a lower 
packing density. However, as assemblies with a higher friction coefficient 
experience more breakage, equivalent or higher platen displacement is obtained at 
the maximum platen pressure.
Displacement (m)
Figure 6.36: Effect o f the coefficient o f friction on the pressure-displacement curves 
fo r  a compressive loading o f 1.5 MPa.
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The effect of the coefficient of friction on the extent of breakage is relatively small, 
especially for low compressive loadings, as the movement of the particles is limited 
during a compression test. The results presented in Table 6.7 show that on 
decreasing the coefficient of friction the co-ordination number increases and the 
average normal contact force slightly decreases, leading to denser packing and also 
to a more resistant assembly under compressive loading. As the average particle 
contact force is not enough to describe the particle assembly due to the heterogeneity 
in the contact forces, the full contact force distributions after a compressive loading 
of 1.5 MPa are compared in Fig. 6.37 for the three friction coefficients analysed, i.e. 
0.3, 0.5 and 0.8. A decrease in the friction coefficient leads to a decrease in the 
values of the maximum contact forces and to a lower frequency of contact forces 
below average. This confirms the results based on the average contact force value 
and the lower extent of breakage experienced by assemblies of particles with a lower 
coefficient of friction. Ouwerkerk (1991) also carried out 3D simulations of the BCS 
test using only 1000 particles. He showed that the effect of the coefficient of friction 
on the bulk attrition was negligible when the coefficient was varied within the range
0.6-0.9. However, he also observed a slight decrease in the porosity and average 
normal contact force and a slight increase in the co-ordination number with a 
decrease in the friction coefficient in agreement with this work.
Table 6.7: Influence o f  the coefficient o ffic tio n  on the breakage and packing o f the 
assembly.
Pressure (MPa) 1.5 MPa 2.5 MPa
Coefficient of friction 0.3 0.5 0.8 0.3 0.5 0.8
No of balls 15 12 24 76 81 128
Co-ordination No. 5.080 4.755 4.611 5.372 5.029 5.019
Aver. Norm. Cont. Force (N) 2.960 2.969 3.045 4.475 4.745 4.746
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Figure 6.37: Effect o f the coefficient o f friction on the force distribution graph after 
a compressive loading o f 1.5 MPa.
6.3.2 Effect of the porosity-induced variation of crushing strength
The effect of porosity-induced variation of the crushing strength on the bulk 
behaviour under compressive loading was analysed by computer simulations of the 
BCS test based on the crushing strength distribution of the beads, as measured 
experimentally. Each assembly o f particles of samples F2M0D2S0, F2M1D2S2 and 
F2M2D2S2, corresponding to low, medium and high macroporosity was randomly 
generated in a cubic box of 33 mm side length. In these simulations, the material 
properties of the beads and of the upper and lower platens are taken to be the same as 
for the previous tests, i.e. Young’s modulus o f 16 GPa, Poisson’s ratio of 0.24, 
coefficient of friction of 0.5 and density of 1100 kg m'3 in order to just look at the 
effect of crushing strength. Further simulations have been done taking into account 
of changes in Young’s modulus and particle density and these are described below. 
The breakage mechanism was simulated by giving to each particle a value of 
crushing strength following the MPCS distributions o f these three samples. The 
MPCS distributions are given in Tables 2.4 and in Figs. 2.4 of Appendix J and a 
summary of the MPCS values is given in Table 6.8. The planar side-walls with a
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particle-wall friction coefficient of 0.35 are introduced around the assembly in order 
to simulate the wall effect observed in the experimental test.
Table 6.8: Parameters for the three samples F2M0D2S0, F2M1D2S2 and 
F2M2D2S2 tested by DEA.
Samples F2M0D2S0 F2M1D2S2 F2M2D2S2
Macroporosity Low Medium High
Young’s modulus (GPa) 14.5 11.0 9.0
Particle density (kg m'3) 1230 1100 970
MPCS values (N)
Average 33.0 38.9 16.4
Standard deviation 8.9 9.2 2.9
Minimum 11.7 8.5 7.1
Maximum 57.8 56.8 25.2
Simulations of the BCS test were performed at several pressures for the three 
samples. The effect of the applied pressure and crushing strength distribution on the 
amount of broken particles is presented in Fig. 6.38. The BCS values, based on the 
total amount of broken particles, are 1.7 MPa, 1.65 MPa and 0.88 MPa for 
assemblies of particles with a low, medium and high macroporosity, respectively. 
This refers to the tests with samples F2M0D2S0 and F2M2D2S2 for which only the 
crushing strength distribution was modified, (see the series “MPCS of...” in Fig. 
6.38). It can also be observed that the fact of changing the particle density and 
Young’s modulus of the particles in order to match the values measured 
experimentally for the samples F2M0D2S0 and F2M2D2S2 has a negligible effect 
on the extent of attrition (see the series “Sample ...” in Fig. 6.38). This is because 
the change in Young’s modulus is small as compared with the range of Young’s 
modulus values tested in Section 6.3.1.
The simulation results show that the particles from sample F2M2D2S2, which has 
the highest level of macroporosity tend to break more under quasi-static 
compression. The main reason is that sample F2M2D2S2 has the lowest crushing 
strength. Therefore, the percentage of particles that break under relatively low
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normal contact forces is higher than the other two samples. Samples F2M0D2S0 and 
F2M1D2S2 show a comparable behaviour for compressive loading below 2.0 MPa, 
but sample F2M1D2S2 which has a medium macroporosity experiences less 
breakage under high compressive loadings than sample F2M2D2S2. The difference 
can be explained by the differences in the average MPCS values, sample F2M1D2S2 
having a slightly higher average crushing strength than sample F2M0D2S0. 
However, under low compressive loadings, the particles from sample F2M1D2S2 
experience less breakage than those of sample F2M2D2S2 as no particle broke 
during the test at 1.0 MPa. This is because o f the particular features of the single 
particle strength distribution o f the two samples. The minimum crushing strength of 
sample F2M0D2S0 is in fact higher than that of sample F2M1D2S2 (see Table 3) 
despite the average strength being lower. Therefore the assembly of sample 
F2M0D2S0 particles contains less weak particles than the assembly of sample 
F2M1D2S2.
Pressure (MPa)
Figure 6.38: Effect o f  the porosity induced variation o f the crushing strength 
distribution on the extent o f breakage under compressive loading.
It is interesting to note that minor differences in the single particle strength 
characteristics, i.e. average values, percentage of weak particles, between samples
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F2M0D2S0 and F2M1D2S2 can be accounted for in the bulk behaviour by DEA. 
This shows that a direct relationship between the single particle properties and the 
bulk behaviour can be obtained if a statistically reliable crushing strength distribution 
is used. Unfortunately, there was insufficient quantity of the beads to validate these 
simulations.
6.4 Discussion
The simulation of the fragmentation process leads to only a slight underestimation of 
the particle breakage as compared with the experimental tests. However, a similar 
trend prevails for the effect of compressive loading on the particle breakage. By 
implementing, the surface damage process based on the formation of lateral cracks 
during the unloading stage of particle contact, a closer agreement may be obtained. 
However, this relies mainly on the choice of the force at which particles yield as 
shown in this work and the calculation of the yield force is directly dependent on the 
yield stress. The yield stress is difficult to determine for this type of material. The 
use of Eqn 6.17 with the parameters for sample F2M1D2S2 leads to values of Fy 
much smaller than 4 N, with which extensive and unrealistic wear was already 
observed. Therefore at this stage of the study, the surface damage process can only 
be simulated by testing different values of Fy and comparing the level of surface 
damage obtained with the experimental results.
The fragmentation process could be further refined in order to simulate better the 
experimental test. Firstly, the fragmentation process is triggered by the maximum 
contact force or by the average of the two highest contact forces. In an assembly of 
spherical particles, the average coordination number is in general in the range 4-5. 
However, in this work, we assume that mainly the two largest contact forces have an 
effect on the fragmentation of the particle independently of the coordination number. 
Extensive work carried out by Gundepudi et al. (1997) on the stress analysis within a 
brittle sphere under multi-axial loading shows that a particle with a high number of 
contact points tends to break under a higher load than a particle compressed between 
only two contact points. In addition, they show that failure is not caused by the
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maximum contact force but in a more complex way by all the contact forces and their 
direction, which will affect the breakage load and the shape of the fragments.
Secondly, once a particle broke within the bed assembly, it was removed, leaving an 
empty space and therefore leading to a lower packing fraction in this area. This has 
obviously an effect on how the assembly bears the load in the following cycles, as it 
was shown in Figs. 6.5 and 6.6, and on the general packing of the assembly. In 
addition, the generation of fines and fragments in the experimental test decreases the 
void fraction and therefore this has an effect on the extent of breakage experienced 
by the assembly. The fines and fragments generated increase the hydrostatic 
component of the stress on the particles, making the fragmentation more difficult, as 
shown by Tsoungui et al. (1999). An improvement to the simulation process would 
be to simulate the generation of fragments and fines by incorporating a process to 
transform a broken particle into a number of smaller spheres instead of removing it 
from the system. Preliminary 2D tests were carried out by Tsoungui et al (1999), 
where 12 small beads of different sizes were generated to replace the broken particle. 
However, this process requires big computer power to deal with 3D assembly with 
initially 4000 particles as simulated in this work.
6.5 Conclusions
The BCS test was simulated using DEA in order to relate the bulk behaviour to the 
single particle properties and to therefore gain an understanding of the attrition 
within an assembly of particles. The simulation work carried out with the 
commercial sample, i.e. sample F2M1D2S2, led to an in-depth understanding of the 
way the contact forces propagate through the assembly and form chains of contact 
forces. The exact location and strength of the broken particles can also be obtained 
in order to analyse the inventory of the particle assembly dining compression. 
However, in order to simulate the bulk behaviour realistically, the single material 
properties, such as the crushing strength distribution, have to be carefully determined 
experimentally and have to be statistically reliable. In addition, the effect of the 
number of contact points on the failure load and pattern suggests using a multiple 
particle crushing strength distribution rather than the traditional SCS. The effect of
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the strain rate was quantified. This parameter has to be sufficiently low so that the 
bed is more uniformly loaded and the load propagates well towards the bottom part 
of the cup. The statistical reliability of the test was also tested, by generating 
different assemblies from different seeds. It was observed that reliable BCS results 
could be obtained with an assembly of 4000 particles. This test method can be used 
in order to predict the effect of the particle properties such as Young’s modulus and 
coefficient of friction, and also the individual particle crushing strength on the 
assembly behaviour under compressive loading.
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CHAPTER 7: GENERAL DISCUSSION
This chapter addresses the main new ideas carried through this thesis on the assessment 
of the mechanical strength of alumina porous ceramic particles used as catalyst carrier 
beads in reforming units.
7.1 Differences between the laboratory tests and the industrial units
The methodology developed in this work covered all types and ranges of stresses the 
particles may experience in a reforming unit. The aim of the tests was to carry out a 
comprehensive study of the particle strength. However, the effect of high temperature or 
pressure on the particle strength was not analysed in this work due to difficulties with 
the test conditions. The differences between the test conditions and the industrial units 
could be one of the reasons why the particles tend to break at higher stresses under 
laboratory test conditions as compared to those prevailing in the industrial units, where 
particle attrition is found to lead to operational problems. In addition, sudden changes in 
the temperature within the industrial units could lead to the generation of thermal 
stresses in the catalyst particles that are sufficiently high to lead to failure (Thiart et al., 
1991). However, not all critical temperature changes will lead to a failure, since the 
crack may be stopped or deflected before it reaches the external surface. Nevertheless, it 
may lead to the formation of internal flaws which will make the particle progressively 
weaker.
Another type of weakening, which is often referred to in the literature on testing ceramic 
particles, is the effect of repetitive mechanical stresses or fatigue on the particle strength. 
This is due to the effect of flaws or defects such as pores, inclusions or cracks on the 
particle strength and of their evolution under stresses. Sammis and Ashby (1986) 
analysed the effect of pores on the failure of brittle solids by compressive stresses. 
Brittle failure by a process of progressive microfracture starts at a stress of about half the 
failure stress. In porous solids, cracks initiate at the poles of pores which are under high
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tensile stresses. After a period of unstable growth, the crack starts to grow stably, which 
means it requires an increase in the applied load to propagate. However, if the crack tip 
reaches a zone of tensile stresses, the crack becomes unstable again and propagates 
catastrophically. For the case of inclusions, a difference in the material properties such 
as expansion coefficient can also lead to the formation of microcracks. However, in this 
work, the filler had in general similar properties to the matrix and the level of impurity 
was reduced to a minimum for catalytic efficiency. Finally, cracks are expected to grow 
from pre-existing microcracks, typically of grain size previously formed by thermal and 
elastic stresses (Ashby and Hallam, 1986). As previously, under tensile stresses the 
cracks can propagate catastrophically and lead to the particle failure. The formation and 
propagation of cracks from flaws is also the base of the fatigue mechanism observed for 
materials with a brittle failure mode. This mechanism can explain why during repeated 
impacts, some particles experience attrition only after few impacts. In an industrial unit, 
a particle is expected to experience large number of impacts and small compression or 
shearing during its life time, and this may result to the weakening of the particles and 
therefore to its breakage.
Finally, the breakage of only a limited number of particles may be sufficient to lead to 
operational problems. The fragments can block the grids leading to increase in the 
pressure drop or to changes in the packing density of the bed. Due to the difference in 
the quantity of catalyst beads used in a reforming unit and during a laboratory test and 
due to the large spread in the strength data, the probability of a particle breaking in the 
latter case is lower than within the reforming unit. Special care had to be taken in order 
to test a sufficiently large sample to obtain reliable data. This was also shown in the 
simulation work, where the single particle crushing strength data were used to simulate 
the bulk crushing strength test. Small changes in the strength distribution, whilst 
keeping the same average values, had a direct effect on the bulk attrition. Therefore, in 
order to analyse best the differences between the strength of the samples tested and 
obtain more reliable data, the test conditions were in general selected in general to be 
tougher than the ones estimated from the industrial unit.
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7.2 Comparison between the single particle tests
One of the main tests used by the industry to measure the mechanical strength of the 
catalyst particles is the single particle crushing test, from which a strength distribution 
can be obtained but mainly an average value is usually used. In this work, an analysis of 
the crushing test results was carried out in order to obtain more valuable information 
from this test and compare it with the impact test. During a crushing test, a particle is 
loaded between two platens until it breaks, whereas during an impact test, a sample of 
particles is impacted at a fixed impact velocity and the percentage of the broken particles 
is measured. Similarities between the results from the two tests were obtained where the 
percentage of particles that break during an impact at a given velocity was compared 
with the percentage of particles with a crushing strength value smaller than the 
corresponding impact force. This implies that the effect of the strain rate on the strength 
of these catalyst particles is negligible. Moreover, as the impact force is in general low 
as compared with the average crushing strength, the particles that start to break first are 
the particles with low crushing strength values. Therefore in order to decrease the extent 
of attrition, it is not only necessary to increase the average crushing strength values, but 
also and most importantly to reduce the percentage of weak particles within the samples. 
The full strength distribution should therefore be provided when the mechanical strength 
is measured by single particle crushing. It was shown in this work that large increases in 
the particle strength could be achieved by small changes in the manufacturing process of 
the beads. The presence of a second phase such as fibres or platelets can help 
reinforcing the particles by deviating or stopping the cracks, but also by decreasing the 
frequency of air bubbles in the beads during their formation by changing the suspension 
rheology. This leads to a significant decrease in the frequency of large air bubbles 
within the catalyst beads.
7.3 Dependence of the impact breakage on the mechanical properties
Extensive analysis of the strength of particulate solids is available in the literature. 
Papadopoulos (1998) analysed the impact breakage of a wide range of particles from
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PMMA extrudates to ammonium nitrate beads, molecular sieves and porous silica beads 
and outlined the difficulties to relate the particle structure to the particle strength.
The model developed by Ghadiri and Zhang (1992) describes the extent of impact 
breakage of semi-brittle material in the chipping regime as a function of the impact 
velocity and of the material properties. They showed that the extent of breakage per 
impact, can be described by the following equation:
Z = (?•!)
where a  is a proportionality constant independent of material properties, p  is the particle 
density, V is the particle velocity, I is the particle size, H  is the hardness and Kc is the 
fracture toughness. It was shown in Chapter 3 that these material properties were a 
function of the particle macroporosity. For example, Young’s modulus decreases 
exponentially with an increase in the porosity, as shown by Spriggs (1961) on 
aluminium oxide compacts. An attempt to model the impact breakage as function of the 
material properties as proposed by Ghadiri and Zhang (1992) was carried out for three 
samples with different levels of macroporosity, i.e. samples F2M0D2S0, F2M1D2S2 
and F2M2D2S2. The total percentage of broken particles was plotted as function of the
dimensionless group ^  ■ However, it is shown in Fig. 7.1 that the three curves are
K„
significantly far from each other and that the extent of breakage follows a power law of 
'V ^ ///
——2— > with the power index varying from 1.16 to 1.92. As the level of macroporosity
in the sample increases, a decrease in the extent of breakage is observed. This suggests 
that the effect of the macroporosity on the material properties and the model proposed 
by Ghadiri and Zhang (1992), are unable to describe the extent of breakage experienced 
by these three samples.
265
pU2IH/Kc2(-)
Figure 7.1: Combined e ffect o f the material properties and impact velocity on the extent 
o f breakage experienced by three samples o f catalyst carrier beads with different 
macroporosity.
A second attempt was carried out for two samples with different levels o f filler, samples 
F1M1D2S2 and F2M1D2S2. The total percentage of broken particles is plotted in 
Fig.7.2 as a function of the same dimensionless group as in Fig. 7.1. It can be observed 
that the two sets of curves are relatively far from each other despite similarities in the 
material properties. This result confirms that for this type of material, it is not sufficient 
to consider only the effect of the manufacturing parameters such as the macroporosity 
and filler content on the extent of breakage. The main reason for the failure of the 
model in predicting the extent of breakage of different samples is due to the brittle 
failure mode of the particles tested, where a wide distribution in the particle strength 
exists due to the direct link between flaws and particle fracture. Therefore, there is an 
unclear transition between the chipping and fragmentation regimes. Even at low impact 
velocities, i.e. 2 m s '1, some fragmentation of particles may occur together with some 
chipping as observed during the repeated impact tests at low impact velocities.
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pV^ H/Kc2 (-)
Figure 7.2: Combined effect o f the material properties and impact velocity on the extent 
o f breakage experienced by two samples o f  catalyst carrier beads with different filler 
contents.
The power indexes o f the impact velocity, V, for the sets of attrition data in Figs. 7.2 and 
7.3 are higher than 2. This suggests that the model of Ghadiri and Zhang (1992) will 
therefore underestimate most o f the time the extent of breakage experienced by this type 
of particles. In order to understand how and why these types of particles break, it was 
necessary to look not only at the three material properties described above, which are 
local properties, but also at the overall particle strength as affected by the flaws. This 
involves destructive testing such as side crushing testing, or the analysis of particle 
sections by microscopy to estimate the presence of macrodefects within the particles. In 
addition, an analysis o f the surfaces of the broken particles by optical or scanning 
electron microscopy allows the localisation of the fracture initiation. This outlined the 
importance o f macrodefects such as cracks but also of the large cavities on the particle 
strength. However, the development of a predictive model of the effect of macrodefects 
on the particle strength is difficult and all that may be done is to provide an empirical 
model based on the observed extent of breakage.
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7.4 Multiple particle tests
Multiple particle tests were not extensively used in this project due to the limited 
number of particles available for each sample and the difficulties in analysing the results 
in terms of particle strength because of inhomogeneous contact force distribution within 
the assembly, as described by the DEA simulation work. However, a limited number of 
multiple particle tests were carried out in order to confirm the results obtained by the 
single particle tests. Multiple particle tests have the advantage that a large number of 
particles are tested at once, and therefore if the parameters such as the packing density 
and bed height are well controlled, multiple particle test may be very useftxl in order to 
compare the strength of several samples. In addition the effect of material properties 
such as Young’s modulus and particle strength on the bulk behaviour under compressive 
loading can be easily predicted by using the DEA code.
In summary, the analysis of the strength of this type of particulate solids has shown the 
importance of the structure and composition 011 the particle strength. The main material 
properties, i.e. Young’s modulus, hardness and fracture toughness, are not sufficient to 
describe the behaviour of the catalyst carrier beads, as their strength is mainly governed 
by the presence of flaws. For this reason, it is necessary to evaluate the strength of this 
type of particles by carrying out a large number of destructive tests, i.e. crushing, impact 
testing. The comparison of the strength of beads with different formulations and 
processing procedures has identified the important factors which affect the strength of 
these beads.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK
8.1 Conclusions
A methodology has been developed in this research programme to analyse the particle 
strength of reforming catalyst carrier beads and to optimise their manufacturing 
procedure. Parameters such as the filler concentration, porosity and drying rate may 
have a direct effect on the particle strength and their values should be optimised.
The beads used in this work are prepared by the sol gel or ‘oil drop’ method. This 
involves the gelation of individually formed and shaped droplets of colloidal suspension 
and allows the formation of large spherical and smooth beads with a well-controlled 
structure and composition.
The methodology for the analysis of particle strength is based on an evaluation of the 
mechanical stresses that the beads experience during their lifetime in the industrial unit. 
The breakage of the catalyst beads is expected to occur- by impact of the beads against 
other beads and container walls in the dilute pneumatic system. High levels of normal 
and shear stresses within a dense particle assembly as in the moving bed reactor could 
also lead to the particle fracture or erosion.
The methodology requires first an analysis of the particle properties such as Young’s 
modulus, hardness and fracture toughness. The two last properties were measured by 
Vickers indentation and the modulus of elasticity was measured by quasi-static 
compression between two platens. An exponential decrease in these three properties 
was observed with an increase in the macroporosity. In addition, as the beads fail in the 
brittle failure mode, it is important to analyse the presence of flaws in them. Cracks, 
large pores and inclusions have a direct effect on the particle strength and interact during 
the analysis of other parameters such as the porosity. Therefore, the analysis of beads’ 
sections was carried out for each sample by Scanning Electron Microscopy.
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The evaluation of the attrition resistance of the beads is based on the analysis of the 
single particle strength by both quasi-static testing and impact testing. The single 
particle crushing strength test provides information on the load at which individual 
particles break when compressed slowly between two platens. Due to the brittleness of 
the particles, a range of crushing loads is obtained. The average value but also the 
shape and the width of the strength distribution are characterised and are valuable 
information to predict the particle behaviour in the reforming unit.
The single particle impact testing was carried out for a wide range of particle velocities,
i.e. from 2.0 m s"1 to more than 20 m s '1. The extent of breakage experienced by a 
sample of individual beads for an impact at a given velocity was characterised. 
Repeated impact tests at low velocities were also carried out to simulate the breakage 
within the pneumatic system, where the impact velocity is low but the impact number is 
high. It was shown that the extent of breakage at 2.0 m s' 1 was low but not negligible, 
and both chipping and fragmentation of the beads were observed. This can explain the 
formation of fragments in the industrial units, even with fresh catalyst support. It is 
therefore important to produce catalyst carrier beads with a high average particle 
strength, but also with a small percentage of weak particles, which are expected to break 
very rapidly in the reactors.
The two single particle test methods were used to optimise the manufacturing process in 
terms of the catalyst carrier strength. It is shown that the two methods give different 
rankings if  the average crushing strength value and the extent of breakage under impact 
are considered as criteria for each test due to the differences in the test characteristics. 
However, by considering the percentage of beads that are weaker than a given crushing 
strength, e.g. 15 N, a higher level of similarity is obtained for the two tests. In addition 
it is shown that the beads are not sensitive to the strain rate.
By decreasing the percentage of filler in the particles a large increase in the particle 
strength was observed. The filler acts as a reinforcement material, helping to stop or 
deviate cracks that propagate through the particles. However, a too high percentage of
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filler may lead to the weakening of the ceramic matrix. The use of alumina platelets as 
filler instead of the particulate filler showed an even higher level of strength 
enhancement. This is due to the high aspect ratio of the platelets as compared with the 
rounder shape of the particulate filler. An increase in the particle strength is also 
obtained with a slower drying under high humidity due to a decrease in the thermal 
stresses, which may reduce the formation of micro-cracks. The presence of a small 
volume of macropores in general does not decrease the particle strength. Indeed, pores 
may also help to some extent in stopping the propagation of cracks. High particle 
strength under both quasi-static and impact conditions was also obtained with one 
sample prepared with no macropores and no filler. It was shown that this particular 
dense sample had almost no macro-defects. Similar samples with more air bubbles have 
a much lower resistance under impact testing. Therefore, it could be suggested that the 
presence of the air bubbles have a dramatic effect on the particle strength, and a longer 
or more effective degassing time during the suspension preparation is required to reduce 
and eliminate the frequency of air-bubbles within the beads.
Following the single particle tests, an analysis of the bulk behaviour was carried out with 
a limited number of samples. The extent of attrition under normal stresses and/or shear 
stresses was estimated in a bulk compression and annular shear cell test. In a bulk 
compression test, the extent of attrition, which can be based on the total percentage of 
broken particles produced or only on the percentage of fines generated, follows a power 
law of the normal stress applied 011 the confined particle bed. When the particle bed is 
also experiencing shear stresses, the extent of attrition follows a power law function of 
the product of the shear strain and the normal stress raised to the power of two, i.e. Ta2. 
The sample prepared with a lower concentration of filler also showed a much higher 
strength in the shear cell than the commercial sample.
The analysis of the breakage within the particle assembly is difficult due to the non- 
homogeneous force propagation in the bed. Particles may break only if they are located 
on one of the chains of high contact forces. Therefore, in order to fully understand the
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breakage in a particle assembly, the BCS test was simulated using the Distinct Element 
Analysis. This is based 011 the single particle properties determined experimentally such 
as the strength distribution, the fracture toughness, hardness and Young’s modulus. The 
simulated BCS test slightly underestimates the extent of breakage in the assembly as 
compared with the experimental one. However, similar trends are observed for both 
tests and a detailed analysis of how the breakage occurs within the particle assembly was 
carried out. The accuracy of the results of the simulations of the BCS test depends on 
the reliability of the single particle properties input into the code and the crosshead 
speed has to be sufficiently low so that the bed is uniformly loaded and the load 
propagates well towards the bottom paid of the cup. This test method can be used in 
order to investigate the effect of the particle properties such as Young’s modulus and 
particle crushing strength on the assembly behaviour under compressive loading.
Finally, considerable gains in the particle strength were achieved by optimising the 
manufacturing process of the beads. The average particle strength measured by 
individual particle compression was increased by a factor of 3 and most importantly, the 
fraction of weak particles was reduced. In addition, the extent of attrition experienced 
during a normal impact at 20 m s' 1 was also decreased by a factor of 30. Therefore, an 
average reforming unit, which uses an inventory of about 100 t of catalyst beads costing 
about € 46 per kg, may be able to reduce the quantity of attrition from 5000 leg/year to 
170 kg/year, making an annual saving of more than € 200000. However, this is the 
saving on the cost of the catalyst alone. More substantial savings are in fact obtained 
from other related features sensitive to catalyst strength such as reduction in the down 
time of the reactor, and hence operational efficiency gains. Therefore this work show 
that a substantial increase in the particle strength can be achieved with optimising the 
production method and particle composition and that impact testing is a useful device to 
analyse the mechanical strength of catalyst carrier beads.
272
8.2 Future work
This project demonstrated that catalyst carrier beads could be produced with a much 
higher particle strength. However, a further step has to be taken now in order to check 
the behaviour of these stronger carrier beads in terms of the efficiency of the chemical 
reactions that they are catalysing. These new samples were developed in laboratory- 
scale oil drop columns. Some samples were then prepared on a pilot plant and the 
quality of the sample prepared was similar. The next step is therefore to be able to 
reproduce the properties of the best samples in terms of mechanical strength and 
catalytic efficiency on an industrial scale.
The particle strength may be further increased by decreasing the frequency of air 
bubbles within the particles. This requires the optimisation of the suspension 
preparation before shaping in order to avoid air entrapment during the increase in the 
suspension viscosity. In addition, in order to obtain a homogeneous distribution of the 
filler within the matrix, the filler particles may needs to be pre-treated to break the 
agglomerates they tends to form. Further work could also be carried out in order to 
analyse the interaction between the filler particles and the ceramic matrix and optimise 
the bonding of the filler to the matrix.
Finally, the methodology for testing particle strength proposed in this project could be 
applied to various types of brittle particles in order to try to enhance their strength. 
Catalyst manufacturers could make use of this methodology to determine a more 
detailed and reliable analysis of the catalyst particle strength.
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APPENDIX A:
• Impact against particles and wall during the pneumatic transport between the 
reactors.
In the dilute pneumatic system, the velocity of the particles is estimated to be in the 
range 1 to 2 m s' 1 and the velocity of the air is about 9 m s’1. Therefore the impact 
breakage of the particles is expected to be relatively low. However, as the particles may 
experience a large number of impacts within each pipe, the particles may be slowly 
weakened and experience attrition during the pneumatic transport. In order to analyse 
the breakage in the pneumatic system, it is necessary to analyse the effect of impact 
number at low impact velocities.
• Impact against a bed ofparticles during the loading o f the catalyst in the moving bed 
reactor and the unloading from the moving bed reactor to the lift pot.
Particles are loaded at the top of the moving bed reactor into the annular section and the 
height of fall before the impact is estimated to be equivalent to 5 to 6 m (see Fig. A.l 
(a)). This is equivalent to an impact velocity of 10 to 11 m s’1 based on the kinematic 
equations. Therefore, substantial breakage may occur during the loading of the catalyst. 
The estimated impact force at these impact velocities, based on the model of elasto- 
plastic impacts developed by Ning and Thornton (1993) and described in Chapter 4.3, is 
10 to 12 N. One impact test was carried out on a particle bed and it was shown that a 
similar extent of breakage occurred as compared when impacting on a flat stiff target. 
Therefore, in order to analyse the particle attrition during the loading of the catalyst 
particles into the moving bed, impact tests at relatively high impact velocities, i.e. 10 to 
12 m s '1, are relevant.
Estimation of the mechanical stresses in the reforming unit.
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Particles are then unloading from the moving bed reactor to the lift pot to be sent to the 
next reactor via the pneumatic transport. Diagrams of the lift pot and of the pneumatic 
transport system in the reforming unit are shown respectively in Fig. A.l (b) and Fig. 
A.2. Impacts in the lift pot are expected to be at lower velocities than during the loading 
of the particles. However they may also lead to particle breakage.
Figure A .l: Loading o f the particles into the annular part o f the moving bed reactor (a) 
and unloading into the lift pot (b).
• Particle compression in the reactor by the weight o f the solid
Inside the moving bed reactors, the particles at the bottom of the reactor will experience 
high normal compressive forces due to the weight of the particles above. If the contact 
forces are higher than the particle strength, breakage may occur. With a bed height of 
about 10 m, the estimated pressure, cr, due to the weight of the bed is estimated by: 
a  = pgh
A-2
where p  is the bulk density, g is the gravity and h is the height of the bed assuming a 
hydrostatic stress profile. This is of course unrealistic and will be discussed later. 
Nevertheless, the stress in this case is estimated to be around 0.108 MPa.
Figure A. 2: Main diagram o f the pneumatic transport in the reforming unit.
The interparticle contact forces at this pressure was estimated using the simulation of the 
Bulk Crushing Strength test by Distinct element Analysis, which is described in Chapter 
6. An assembly of 4000 particles was compressed up to the maximum pressure of 0.108 
MPa and the contact force distribution was measured in order to compare the contact 
forces with the particle strength. The picture of the 4000 particle assembly before 
compression is shown in Fig. A.3 (a) and the contact force distribution after an applied 
pressure of 0.108 MPa to the top of the assembly is shown in Fig. A. 3 (b). It can be 
seen that the average interparticle contact force is very low, i.e. 0.27 N. However, the 
maximum contact force is close to 3 N. Again the calculated force is much lower than
A-3
the minimum crushing strength of the samples of catalyst particles tested. However, if 
this level of loading is repeated several times and combined with other types of stresses, 
this level of contact force may be sufficient to lead to particle breakage. In addition, due 
to changes in the slopes of containing walls of the industrial units, e.g. at the bottom of 
the moving bed reactor or of the lift pot, high level of stresses may be experienced by 
the particles due to a switch in the wall stress. This is discussed in the next section.
69.00
Average =0.269 N 
St. dev. = 0.258 N 
Min. = 0.00001275 N 
Max. = 2.749 N
0 - 0.01 0 .01 - 0.1 0 . 1-1 1-2 
Force range (N)
(a) (b)
Figure A.3: Assembly o f 4000 particles before compression (a) and contact force 
distribution after a compressive loading o f 0.108 MPa (b).
• Stresses due to changes in the shape o f  the units, e.g. moving bed reactor, lift pot, 
hopper.
The stresses at the containing walls should be analysed in order to optimise the design of 
the reactor for a good discharge and also to predict the mechanical stresses experienced 
by the particles. The wall stresses depend on the height of the unit as shown by 
Shamlou (1988). Under static conditions, the major stresses are vertical due to the 
filling process (see Fig. A.4 (a)). The pressure increases linearly with the depth of the
A-4
particle assembly initially but later it deviates and approaches an asymptotic value at 
great depths. However, the start of solid discharge causes very high wall pressures in 
the region where the walls are sloped. This dynamic increase in the pressure is 
attributed to a switch in the stress field within the reactor from a static state during 
filling to a dynamic state during discharge. This switch is characterised by the near 
horizontal line of major principal stress as shown in Fig. E.5 (b). It is due to the presence 
of large overpressure, which is initiated as soon as the discharge starts and are 
propagated rapidly upwards within the material. A horizontal switch may also be 
observed for the lateral wall pressure in the vertical section due to surface imperfection 
011 the container walls. A method to calculate the wall pressure in the vertical section 
and hopper during initial filling and discharge was presented by Shamlou (1988) using 
the method of differential slices. In order to simulate the stresses the particles will 
experience in silos and hopper, the use of a Jenike or annular shear cell is suggested in 
the literature (Jenike, 1961). An estimation of the normal stress on the wall was given in 
the range of 5 to 15 lcPa, depending on the size of the reactor (Kolenda, 1998). These 
data will be used to design the experimental work of the annular shear cell tests.
Lines o f  
major 
principal \  
stress \
V
\
\  /
/
(a) Initial pressure profiles
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(b) Discharge pressure profiles 
Figure A. 4: Evolution o f the wall stress as function o f the height o f  the unit according to 
Schamlou (1988) for mass-flow silos.
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A PPE N D IX  B:
Scanning electron micrographs of the filler-matrix bonding
These micrographs were taken in the laboratory o f Scanning Electron Microscopy o f the 
Physics and Analysis Department o f the Institut Fran9ais du Petrole in order to analyse the 
interactions between the matrix and the filler material.
1. Interactions between particulate filler and matrix:
• Sample F2M1D2S2 where the particulate filler do not have macropores.
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some cracks in the circumference o f the filler.
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IFiller
particles
High magnification micrograph showing a small micro-crack 
in the interfacial area between the filler and the matrix.
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• Other lab-scale or pilot plant samples where the particulate filler have macropores 
(samples FI MOD ISO and F1M1D1S2)
Sample FI MOD ISO was prepared with a level 1 o f particulate filler and no macropores. 
As the filler particles are porous, it is therefore easier to detect their location on the 
particle surface.
Large elongated filler particle with small cracks at the interface.
Cracks in the periphery o f the filler particles with one on the 
right hand side which may have either initiated from the 
particulate filler or terminated there.
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Filler particles and micro-cracks: the vertical crack will be 
stopped or deviated from the filler particle which is above 
him.
It is much more difficult to locate the filler particles in sample F1M1D1S2 as the filler 
particles and the matrix are both porous. Interfaces between the filler particles and the 
matrix are expected near micro-cracks or elongated pores.
Few micro-cracks and elongated pores suggesting the 
presence of filler particles within the matrix.
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The sample ‘Platelets’ was prepared with a level 1 of platelets and macropores.
2. Interactions between platelets and matrix
Scanning Electron Microscopy o f the platelets which tend to 
agglomerate together.
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Spatial distribution of the platelets which tend to agglomerate 
together leading to a less homogeneous distribution and the 
formation of looser area within the particle due to the low 
packing ratio of the platelets.
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3. Interactions between fibres and matrix
Alumina fibres
Shots from the fibre extremities
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APPENDIX C:
This work was carried out at Institut Frangais du Petrole in the SEM laboratory of the 
Physics and Analysis Department)
In these micrographs, some of the air bubbles appear clear, and others almost black. 
This is due to the difference in the air bubbles depth. For the black ones, the 
polished section is cutting the bubble above the equatorial plan, whereas for the clear 
ones, the bubble is cut below it.
SEM analysis o f macro-defects 011 polished sections o f catalyst carrier
beads
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Sample F0M0D1S1
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Sample F0M0D2S2
A few air bubbles
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Sample F1M0D1S0
One air bubble (<100 pm) A few air bubbles (<100 pm)
Other beads with air bubbles (secondary electron)
Structure of the beads: presence of air bubbles and of porous filler particles
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Sample F1M0D2S2
Small air bubble
Air bubbles near the external surface
Three large air bubbles near the periphery
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Sample F1M1D1S2
No air bubbles
No air bubbles
Structure: Fine macroporosity and porous filler 
particles
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Sample F1M1D2S2
Polished section with internal cracks
Polished section with large crack
No air bubbles were observed for this sample
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Sample F2M0D2S0
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Other selection of polished bead sections
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Sample F2M1D2S2
Polished section without defects
Polished particle section with one air bubble
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Polished particle section with one internal crack 
The external annulus of the particles is darker due to resin infiltration into the bead.
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Sample F2M2D2S2 The small black points <20 pm are the macropores
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Other beads with and without defects Structure of the beads: large and elongated
macropores from which cracks may 
initiate and propagate
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Sample ‘Platelets'
No particle defect
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Sample ‘Fibres'
Particle with large air cavities (black), large 
inclusions from shots (white) and large internal 
cracks.
Particles with large inclusions and cracks
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APPENDIX D:
Determination of the mechanical properties (Young’s modulus, 
hardness, fracture toughness). Effect of the volume of macropores.
Characterisation of the mechanical properties involved the measurement of Young’s 
modulus, hardness and fracture toughness. These properties reflect the resistance of 
catalyst carrier beads to elastic deformation, plastic deformation and crack propagation 
respectively. Therefore they are relevant to the interpretation of the failure behaviour of 
the test material. Detailed description of the method used to determine these three 
material properties is given in the literature (Couroyer et al (1999) and Couroyer et al. 
(2000a).
• Measurement of hardness
The hardness is measured by Vickers indentation either on the external surface of the 
particle or on an internal and polished section of the beads. The option 011 the internal 
section gives more reliable data as the length of the indentation diagonals is more 
regular and easier to measure. The hardness, H, is calculated using the following 
equation:
2Psin(G/2) p
H  =  y~L 1  = 1-8543^  (D.l)
hi hi
where P is the maximum applied load, 6 is the apical angle of the Vickers indenter 
(136°) and is the length of the diagonals of the impression, as shown in Fig D.l.
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(a) (b)
Figure D .l: Scanning electron micrographs o f Vickers to measure the particle hardness
(a) and fracture toughness (b). Radial cracks can only be observed in micrograph (b).
The effect of the volume of macropores on the Vickers hardness is shown in Fig. D.2. 
An increase in the volume of macropores leads to a decrease in the value of hardness 
following an exponential relationship.
Volume of macropores
Figure D.2: Effect o f the volume o f macropores on the Vickers hardness (Error bars=2 
St. Dev.).
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Measurement of Young’s modulus
Young’s modulus is measured by quasi-static compression of a particle between two 
stiff platens. The loading cycle is repeated twice in order to reduce the effect of the 
surface aspirities and the equipment compliance is reduced by removing from the 
measured displacement the value of displacement obtained when the two platens are 
compressed agains each other. Young’s modulus is obtained from the load- 
displacement slope of the unloading curve using the relationship obtained from Hertz 
analysis of elastic contacts. The dependence of the radius of the contact area, a, on the 
applied load, P is given by:
(D.2)
4E
where E* and R* are the effective Young’s modulus and contact radius. E* and R* are 
defined by:
1 l-v j2 1 - v l  
TX -  —7— + —  (D.3a)E Et E2
A - = T  + —  (D.3b)
R R, R2
where E is the modulus of elasticity, v is the Poisson ratio, R is the diameter and the 
subscripts 1 and 2 refers to the particle and platens, respectively. Due to the very large 
values of the modulus of elasticity and radius of curvature of the platens, the effective 
Young’s modulus and contact radius are simplified by:
= ^  (D'4a)E Ex
Y = i  ( D - 4 b )
I11 our experiment, the total displacement, rather than the contact area is measured. In 
this case, the radius of the contact area can be replaced by the total displacement:
- 2  g p .s _ a 
2 ~~R* 16RE
(D.5)
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This leads to the following relationship between the applied load and displacement:
P = 0A7R*°'5E*s L5 (D.6)
This shows that the Young’s modulus can be obtained from the slope of the unloading 
curve of a load-displacement graph, with the displacement being raised to the power 1.5 .
A decrease in the modulus of elasticity with an increase in the volume of macropores is 
also observed (see Fig. D.3).
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Figure D.3: Effect o f  the volume o f macropores on Young's modulus (Error bars-2  St. 
Dev.).
• Measurement of the fracture toughness
The most appropriate way to measure the fracture toughness of small particles is by 
indentation fracture using a Vickers indenter. The value of fracture toughness depends 
on the ratio of the load applied, P, to the length of the radial cracks that develop from the 
indentation as shown in the equation below:
K , = 0 M 6 x ( % Y - E (D-7)
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where E  is the modulus of elasticity and H  is the particle hardness and /,. is the size of the 
crack from the centre of the indentation. A micrograph of an indentation where radial 
cracks developed is shown in Fig. D .l (b).
There is a direct effect of the macroporosity on the fracture toughness of the particles, as 
observed previously for the modulus of elasticity and hardness (see Fig. D.4). A 
decrease in the values of these three parameters is observed with an increase in the level 
of macropores and this decrease follows an exponential relationship. This result has 
been observed in the literature for the effect of porosity on the strength or modulus of 
traditional ceramic material. This work shows that it can also be applied to the 
measurement of these parameters for particulate solids. The effect of the filler on the 
fracture toughness was also analysed. It is expected that the fracture toughness increases 
with an optimum addition of filler into the material. The comparison of the two samples 
with the lowest volume of macropores shows that the effect of an increase in the volume 
of macropores may be compensated by the presence of a small amount of filler. Indeed 
similar* or even a higher value of fracture toughness is obtained for the sample with more 
macropores and some filler as compared with the sample with no macropores and no 
filler. Almost 110 differences can be observed between the two next samples in the graph 
with a volume of macropores of about 0.15 cm3 g"1. It can only be suggested that a too 
high concentration of filler may lead to a slight weakening of the matrix. The 
comparison of the last two samples confirms the results obtained from the comparison of 
the first two samples. Slightly higher fracture toughness is obtained for a sample 
prepared with a higher level of macroporosity but also with a filler material than for a 
sample prepared with less macropores and no filler. Therefore, these results suggest that 
the presence of filler leads to a slight increase in the particle fracture toughness. 
However this concentration has to be optimised.
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Figure D.4 Effect o f the volume o f macropores and filler content on the fracture 
toughness (Error bars=2 St. Dev.).
• Conclusions
A decrease in the three mechanical properties tested was observed with an increase in 
the volume of macropores, as also reported in the literature for the effect of porosity on 
the particle modulus of ceramic material (Knudsen, 1959 and Spriggs, 1961). In 
addition, it seems that the presence of a small concentration of filler may lead to an 
increase in the fracture toughness, as it will have a direct effect on the way the cracks 
will propagate within the particle.
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APPENDIX E:
Single particle crushing strength results
• Single particle crushing strength distribution 
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The data points represent the experimental data and the line, the Weibull fitting. 
Sample F0M0D1S0
• Analysis o f the crushing test data by the Weibull analysis.
Stress (MPa)
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The curve ‘Weibull 2’ is obtained after the removal of the 10 weakest particles. 
Sample F1M1D2S2
Stress (MPa)
The curve ‘Weibull T  is obtained after the removal of the 12 weakest particles.
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Sample F2M2D2S2
Stress (MPa)
Sample ‘Platelets’
Stress (MPa)
The curve ‘Weibull T  is obtained after the removal of the 2 weakest particles.
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APPENDIX F:
The analysis of the impact breakage of the commercial sample, i.e. sample F2M1D2S2 
was carried out with an Imacon 790 high-speed photographic camera at a recording rate 
of 105 fps. This allows the movement of the particle to be more clearly recorded than 
with the video camera particularly at high impact velocities, i.e. from 32 to 42 m s '1. In 
addition, two different targets were used in order to analyse the effect of impact angle on 
the fracture pattern. The results are shown in Fig. F.l and F.2 for the impact angles of 
90° and 45°, respectively. Each impact event is recorded in eight frames. The sequence 
of the exposure is from right to left and from top to bottom.
Different mechanisms of breakage can be observed in Fig. F .l, where sequences of 
normal impacts are reported. In general the particles are split into two almost equal 
fragments (Fig. F.l (a-c), (e) and (h)) as observed also by Salman et al. (1995). In some 
cases, chipping accompanies fragmentation. However, at these impact velocities, no 
particle chipping only was recorded. Chips were produced either close to the impact 
zone (see Fig. F.l (b, h), along the fracture surface created by the propagation of a 
meridional crack (see Fig. F.l (e) and (g) and sideways from the contact area (see Fig. 
F.l (c)). Shattering occurs in some cases, (see Fig F.l (d)), presumably because the 
particles are weakened by the presence of large flaws. Finally some particles break into 
a larger number of fragments with an orange-segment shape (see Fig F.l (f-g)).
Some impacts were also recorded at an angle of 45° using the Imacon high-speed 
photography camera. Under inclined impacts, a thin chip is produced from the area in 
contact with the target (see Fig. F.2 (a-d)). No fragmentation was observed for 
velocities below 40 m s'1.
High-speed photography sequences of particle impacts
F-l
(a) 3 2 .1 m s '1 (b) 34.0 m s ' 1
(g) =40 m s' 1 (h) 42.0 m s' 1
Figure F .l: High-speed photographs o f the particle damage o f the commercial sample 
F2M1D2S2 during normal impact.
F-2
(c) =37 m s' 1 (d) =40 m s' 1
Figure F.2: High-speed photographs o f the particle damage o f the commercial sample 
during impact inclined at 45°.
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APPENDIX G:
Complementary SEM of particles after normal impact 
Sample F0M0D1S1
Fragmentation
G-l
Sample F0M0D2S1
Median crack 
cr
realised damage
Localised damage at the impact site leading to a meridian crack
Secondary
fragmentation
Large oblique crack from which two cracks initiated (secondary 
fragmentation), on a perpendicular plane, as also observed by 
Salman et al. (1995)
G-2
Sample F0M0D2S2
Large oblique crack from which a secondary crack developed on 
a perpendicular plane, as observed by Salman et al. (1995)
A large chip was removed from the particle
G-3
Sample F1M1D1S2
Large chip removed from the particle by oblique crack
Small debris produced during impact: chips and debris with the 
shape of orange segments
G-4
Sample F1M1D2S2
Chipping
Fragmentation by median crack
WD15ram 15. OkV x50
G-5
Sample F2M0D2S0
Chipping, but the chip is not completely detached from the 
particle (filler effect)
Propagation of a median crack
G-6
Sample F2M1D2S2
Removal of a deep dent at the impact 
zone without leading to particle breakage 
and formation of a radial crack, which 
propagates outwards from as well as 
inwards the impact site.
Removal of about one third of the original 
bead, presence of four air bubbles, among 
which three are big ones on this fracture 
plane. They could have been responsible 
for the particle breakage and for the way 
the fracture propagated through the 
particle.
Hemispherical fragment, with differences 
in the fracture surfaces due to the way the 
cracks propagate and bifurcate within the 
specimen.
G-7
Sample ‘Platelets'
Large chip removed from the particle by oblique crack
Fragmentation by meridional fracture and plastic deformation at 
the impact zone (smoother surface)
G-8
Sample ‘Fibres'
Chipping, but the chip is still attached Two fragments 
to the particle (filler effect)
Fracture surface and interactions between cracks and fibres
G-9
APPENDIX H:
The quasi-static and impact test results were compared with three additional samples, for 
which their mechanical properties were also measured and given in Chapter 3, i.e. 
samples F1M1D2S2, F2M0D2S0 and F2M2D2S2. The properties necessary for the 
calculation of the impact force are given in Table H .l, together with the calculated 
values of the impact force and velocity at the onset of yield.
Further comparison between quasi-static and impact tests
Table H .l: Parameters necessary to calculate the impact force and calculated values o f  
impact force and velocity at the onset o f  yield.
Samples F1M1D2S2 F2M0D2S0 F2M2D2S2
Particle density (kg in"3) 1130 1230 970
Young’s modulus (GPa) 11.5 14.42 8.86
Equivalent Young’s modulus (GPa) 12.2 15.3 9.4
Hardness and Yield stress (GPa) 0.364-0.131 0.507-0.169 0.207 - 0.069
Particle radius (m) 0.00095 0.00095 0.00095
Yield force (N) 0.055 0.096 0.017
Yield velocity (m s_1) 0.051 0.071 0.022
The values of impact force, F, is calculated using the following equation based on the 
work of Ning and Thornton (1993) and Ning (1995):
(6 ( v )
2 "N 
1
5 k J 5J
where V is the impact velocity, Fy and Vy the values of impact force and velocity at the 
onset of yield, respectively. Based on this impact force and the cumulative crushing 
strength distribution, the extent of breakage by quasi-static testing can be estimated and
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compared with the total extent of breakage observed experimentally for the actual quasi­
static tests. The results are shown in Fig. H.l and commented in Chapter 4.3.
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(c) Sample F2M2D2S2 
Figure H .l: Comparison between the quasi-static and impact test results obtained for  
the samples F1M1D2S2 (a), F2M0D2S0 (b) and F2M2D2S2 (c).
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APPENDIX I:
DEA Input files
* ASSEMBLY GENERATION 
File I: Particle generation
START 0.035 0.070 0.035 1000 4040 40 log 
Bulk Crushing Simulation
* 3D
FRAC 0.05
YMD 1.6E10 1
YMD 2.15E11 2
YIE 2.0E899 1
YIE 3.04E999 2
PRAT 0.24 1
PRAT 0.3 2
FRIC 0.50 1
FRIC 0.35 2
DENS 8.0E3 1
DENS 7.8E3 2
GRAY 0.0 -9.81 0.0
damp 0.2 0.15 0 0 1
rad 0.9e-3 1
rad 0.95e-3 2
rad 1.0e-3 3
dfv per 0.002 0.002 0.002 0.033 0.068 0.033
gen seed 6666
gen 1072 3 1 100000
gen 1856 2 1 100000
gen 1072 1 1 1000000
 *---------define walls up the shear c e l l -------
dwall pos 0.069 0.0 1.0 0.0 vel 0.0 0.0 0.0 mat 2 size 0.001 0.034 
0.0685 0.0695 0.001 0.034 -2.0
 * Walls down the shear c e l l ----------
dwall pos 0.001 0.0 1.0 0.0 vel 0.0 0.0 0.0 mat 2 size 0.001 0.034 
0.0005 0.0012 0.001 0.034 -1.0
 * Planar walls pallel to xy p l a n e ----------
dwall pos 0.0005 0.0 0.0 1.0 vel 0.0 0.0 0.0 mat 2 size 0.0005 0.0348 
0.0005 0.0698 0.0002 0.0008 -1.0
dwall pos 0.0345 0.0 0.0 1.0 vel 0.0 0.0 0.0 mat 2 size 0.0005 0.0348 
0.0005 0.0698 0.0342 0.0348 -1.0
 *  Planar walls pallel to yz plane ----------
dwall pos 0.0005 1.0 0.0 0.0 vel 0.0 0.0 0.0 mat 2 size 0.0002 0.0008 
0.001 0.0698 0.001 0.0348 -1.0
dwall pos 0.0345 1.0 0.0 0.0 vel 0.0 0.0 0.0 mat 2 size 0.0342 0.0348 
0.001 0.069 0.001 0.0348 -1.0 
*sgm on 500 aim,info,ene,str 
eye 5000
*print info str pwa p x 30
1-1
eye 5000
*print info str pwa
save ass6_l
stop
File 2: Contact build-up using high particle density
RESTART ASS6_1 
eye 50000
print info str pwa 
eye 50000
print info str pwa r x
save ass6_2
stop
File 3: Decrease in the particle density
RESTART ASS6_2 
DENS 6.0E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
print info pwal 
DENS 5.0E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
print info pwal 
DENS 4.0E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
print info pwal
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DENS 3.0E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
print info pwal 
DENS 2.0E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
print info pwal 
save ass5_3 
DENS 1.1E3 1 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000 
zero
eye 5000
print info pwal
zero
eye 10000 
zero
eye 10000
zero V x3
eye 10000
zero
eye 10000 
print info pwal 
save ass6_3 
stop
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• COMPRESSION OF THE PARTICLE ASSEMBLY
RESTART ASS6_3 
* 3D
FRAC 0.05
YMD 1.6E10 1
YMD 2.15E11 2
*YIE 2.0E899 1
*YIE 3.04E999 2
PRAT 0.24 1
PRAT 0,3 2
FRIC 0.5 1
FRIC 0.35 2
DENS 1.1E3 1
DENS 7.8E3 2
GRAV 0.0 -9.81 0.0
damp 0.1 0.15 1 0 1
*sgm on 500 aim,info,ene,str
awall 1 pos 0.0260 0.0 1.0 0.0 vel 0.0 -1.0 0.0 size 0.001 0.034 0.001
0.045 0.001 0.034 -2.0
STRENGTH 8.53 38 DEV=0.6 DIST=GAUSS
STRENGTH 13 . 08 59 DEV=1.0 DIST=GAUSS
STRENGTH 15 . 76 38 DEV=0.6 DIST=GAUSS
STRENGTH 17 .19 59 DEV=0.5 DIST=GAUSS
STRENGTH 21. 09 38 DEV=0.7 DIST=GAUSS
STRENGTH 23 . 17 117 DEV=0 . 6 DIST=GAUSS
STRENGTH 25.48 117 DEV=0 . 2 DIST=GAUSS
STRENGTH 26. 83 216 DEV=0 . 3 DIST=GAUSS
STRENGTH 29. 05 136 DEV=0 . 5 DIST=GAUSS
STRENGTH 30. 86 254 DEV=0 . 3 DIST=GAUSS
STRENGTH 33 . 05 273 DEV=0 .3 DIST=GAUSS
STRENGTH 34 . 83 292 DEV=0 .5 DIST=GAUSS
STRENGTH 37 .11 332 DEV=0 .4 DIST=GAUSS
STRENGTH 38 . 88 449 DEV=0 ,4 DIST=GAUSS
STRENGTH 40 . 68 292 DEV=0 .4 DIST=GAUSS
STRENGTH 42 . 85 372 DEV=0 . 4 DIST=GAUSS
STRENGTH 45 . 03 372 DEV=0 .3 DIST=GAUSS
STRENGTH 46 . 77 195 DEV=0 .4 DIST=GAUSS
STRENGTH 49.15 136 DEV=0 . 5 DIST=GAUSS
STRENGTH 50 . 71 78 DEV=0.4 DIST=GAUSS
STRENGTH 52 . 71 78 DEV=0.4 DIST=GAUSS
STRENGTH 55. 15 40 DEV=0.3 DIST=GAUSS
STRENGTH 56. 83 19 DEV=0. 1 DIST=GAUSS
PWALL CRUSH 1500000 0.1 0.05
CRASH 1 400.0 0 1
print info pwal
eye 5000
print info pwal
eye 5000 1 x 90
print info pwal j
save ass601_15
stop
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APPENDIX J:
Crushing strength distributions used in the simulations.
Table J .l:  SCS values o f  sample F2M1D2S2.
SCS range (N) Average (N) St. dev. (N) Num ber of particles
6-8 7.47 0.37 33
8-10 9.12 0.34 13
10-12 11.72 0.33 33
12-14 12.56 0.55 27
14-16 15.03 0.54 73
16-18 17.18 0.21 20
18-20 19.02 0.70 67
20-22 21.08 0.51 174
22-24 23.05 0.52 114
24-26 25.17 0.56 147
26-28 26.94 0.62 167
28-30 28.92 0.44 120
30-32 30.92 0.63 180
32-34 32.79 0.61 167
34-36 34.95 0.54 227
36-38 37.04 0.53 234
38-40 38.93 0.61 160
40-42 41.15 0.58 240
42-44 43.16 0.59 315
44-46 45.05 0.59 314
46-48 47.04 0.51 287
48-50 49.12 0.66 254
50-52 51.10 0.60 240
52-54 53.01 0.55 187
54-56 54.94 0.52 100
56-58 56.69 0.63 47
58-60 59.00 0.48 27
60-62 61.17 0.44 20
62-66 63.80 1.06 13
J-l
Table J.2: MPCS values o f  sample F2M1D2S2.
SCS range (N) Average (N) St. dev. (N) Number of particles
8-10 8.53 0.6 38
12-14 13.08 1 59
14-16 15.76 0.6 38
16-18 17.19 0.5 59
20-22 21.09 0.7 38
22-24 23.17 0.6 117
24-26 25.48 0.3 216
28-30 29.05 0.5 136
30-32 30.86 0.3 254
32-34 33.05 0.3 273
34-36 34.84 0.5 292
36-38 37.11 0.4 332
38-40 38.88 0.4 449
40-42 40.68 0.4 292
42-44 42.85 0.4 372
44-46 45.03 0.3 372
46-48 46.77 0.4 195
48-50 49.15 0.5 136
50-52 50.71 0.4 78
52-54 52.71 0.4 78
54-56 55.15 0.3 40
56-58 56.83 0.1 19
J-2
Table J.3: MPCS values o f  sample F2M0D2S0.
SCS range (N) Average (N) St. dev. (N) Number o f particles
12-14 12.79 0.6 42
14-16 15.37 0.6 42
16-18 17.11 0.3 63
18-20 19.0 0.6 146
20-22 21.05 0.4 125
22-24 22.97 0.4 292
24-26 25.22 0.6 250
26-28 27.35 0.3 188
28-30 28.74 0.3 417
30-32 30.68 0.5 333
32-34 32.85 0.4 333
34-36 34.64 0.6 271
36-38 37.13 0.5 188
38-40 38.99 0.5 375
40-42 40.87 0.4 271
42-44 43.03 0.6 146
44-46 44.92 0.5 208
46-48 46.49 0.5 63
48-50 49.12 0.7 167
50-58 52.00 0.5 80
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Table J.4: MPCS values o f  sample F2M2D2S2.
SCS range (N) Average (N) St. dev. (N) Number of particles
6-8 7.1 0.5 27
8-10 9.0 0.6 53
10-12 11.2 0.5 133
12-14 13.1 0.4 507
14-16 15.1 0.4 1040
16-18 16.9 0.4 1148
18-20 18.9 0.4 773
20-22 21.1 0.4 213
22-24 23.3 0.4 53
24-26 24.6 0.5 53
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